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Introduction 


The  ROMOPTO  '97  Conference  is  the  fifth  in  a  series  of  international  conferences 
dedicated  to  optics  and  lasers  held  every  three  years  in  Bucharest.  The  topics  of  this 
conference  are  rather  broad  and  reflect  the  fast  evolution  of  optics,  including  lasers  and 
their  applications  in  material  science,  information  science  and  technology,  biology  and 
medicine,  sensing  and  metrology,  as  well  as  in  environmental  research. 

The  aims  of  the  ROMOPTO  conferences  are  to  increase  the  number  of  meetings  for  the 
experts  working  in  optics  and  lasers,  where  they  can  share  experiences,  discuss  their 
newest  results,,  stimulate  interdisciplinary  research,  and  consider  the  prospects  of 
applications.  The  position  of  Romania  in  Central-Eastern  Europe  plays  an  important  role 
in  the  promotion  of  scientific  contacts  in  this  part  of  the  world,  where,  even  since  the 
Wall  came  down,  many  difficulties  and  inequalities  still  exist.  The  existence  of  a 
national  research  school  in  the  field  of  optics  and  of  an  important  optics  community  in 
Romania  (in  universities,  national  research  institutes  and  industry,  the  third  largest  one 
in  the  Romanian  physics,  with  approximately  300  members,  according  to  the  roster  of 
the  Romanian  Physical  Society)  is  another  active  element  in  these  scientific  events. 

Organization  of  ROMOPTO  '97  was  possible  only  through  the  actions  and  support  of 
several  domestic  and  international  organizations.  We  must  mention  the  Division  of 
Optics  and  Quantum  Electronics  of  the  Romanian  Physical  Society,  which  is  a  Territorial 
Committee  of  ICO,  the  Romanian  Chapter  of  SPIE,  the  National  Institute  for  Laser, 
Plasma,  and  Radiation  Physics,  the  National  Institute  for  Research  and  Development  of 
Optoelectronics  (INOE  2000  and  lOEL  SA),  the  Eaculty  of  Physics  at  the  University  of 
Bucharest,  and  the  Politehnica  University  of  Bucharest.  Thanks  are  due  to  the 
cosponsoring  institutions  for  their  important  advice  and  contributions  to  the  success  of 
this  conference:  the  International  Society  for  Optical  Engineering  (SPIE),  the  United 
States  Air  Force  European  Office  of  Aerospace  Research  and  Development  (EOARD), 
the  International  Centre  for  Theoretical  Physics  (ICTP,  Trieste),  the  International 
Commission  for  Optics  (ICO),  the  European  Optical  Society  (EOS),  the  Romanian 
Ministry  of  Research  and  Technology,  the  Romanian  Academy,  the  Romanian  Ministry 
of  Education,  and  the  Institute  of  Atomic  Physics. 

Through  the  efforts  of  the  Scientific  and  Program  Committees,  288  papers  by  authors 
from  23  countries  have  been  selected  for  presentation  at  ROMOPTO  '97,  making  this 
conference  a  truly  international  one.  In  addition,  3  plenary  lectures  and  44  invited 
lectures  gave  an  overview  of  the  newest  and  the  most  important  results  in  optics.  We 
express  our  gratitude  to  the  referees,  to  the  invited  professors,  and  to  all  the  participants 
in  ROMOPTO  '97  for  their  very  high  level  work.  Thanks  are  due  to  SPIE,  which  assured 
that  most  of  these  works  are  published  in  the  present  volume,  having  a  wide  distribution 
in  the  scientific  world. 


We  would  like  to  express  our  thanks  to  the  Organizing  Committee,  to  many  colleagues 
and  persons  on  the  various  committees,  and  to  the  secretariat  for  their  collaboration  and 
hard  work.  We  hope  that  everyone  attending  ROMOPTO  '97  enjoyed  the  scientific 
sessions  and  our  country.  We  also  hope  that  ROMOPTO  '97  provided  an  opportunity 
to  renew  previous  friendships  and  start  new  ones. 

On  behalf  of  the  organizing  institutions,  we  would  like  to  extend  our  warmest  thanks 
to  all  participants  of  ROMOPTO  '97  and  to  invite  them  to  bring  their  valuable 
contribution  to  our  next  conference  in  2000. 


Valentin  I.  Vlad 
Dan  C.  Dumitras 
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Q-switch  regime  of  3 -pm  erbium  lasers 
Serban  Georgescu,  Voicu  Lupei.  and  Claudiu  Hapenciuc 
National  Institute  for  Lasers,  Plasma  and  Radiation  Physics,  Bucharest.  Romania 


ABSTRACT 

A  mathematical  model,  based  exclusively  on  spectroscopic  data  concerning  radiative,  non-radiative,  and 
energy  transfer  processes,  is  proposed  and  used  to  simulate  the  Q-switch  regime  of  three-micron  Er;  YAG  laser.  The 
connection  between  the  main  energy  transfer  mechanisms  that  make  possible  generation  on  the  self-saturated 
transition  Vn/:  ->  ‘’/13/2  (up-conversion  from  and  ^lun,  cross-relaxation  from  and  the  giant  pulse 
characteristics  is  discussed.  The  radiative  as  well  as  non-radiative  losses  during  optical  pumping  and  giant  pulse 
generation  are  defined  and  evaluated.  A  particular  attention  is  given  to  FTIR  Q-switch  which  demonstrated  real 
qualities  for  3-|im  Erbium  lasers.  The  reasons  responsible  for  experimental  performances  of  Q-switched  Er:  YAG 
lasers  inferior  to  those  predicted  the  mathematical  modelling  are  analysed. 

Keywords:  mid  infrared  lasers;  Q-switch,  Er^. 


1.  INTOODUCTION 

Laser  radiation  at  3 -pm  is  of  great  interest  in  medical  and  biological  applications  because  water  and 
hydroxyapatite,  which  are  the  major  constituents  of  soft,  and,  respectively,  hard  (bones,  tooth  enamel)  biological 
tissues,  have  very  strong  absorption  in  this  region.  Furthermore,  in  order  to  produce  minimal  thermal  damage  of  the 
adjacent  tissues  in  surgical  operations,  short  pulses  (if  possible,  in  the  nanosecond  range)  are  desirable. 

The  Er:  YAG  laser,  working  in  (^switch  regime  at  2.94  pm  (laser  transition  ^Iisa),  could  satisfy 

these  requirements.  Nevertheless,  since  this  laser  transition  is  self-saturated  (i.  e.,  the  lifetime  of  the  initial  laser  level 
is  much  shorter  than  the  lifetime  of  the  final  one)  efficient  generation  of  short  pulses  is  a  quite  delicate  problem. 

The  generation  of  giant  pulses  of  three-micron  Erbium  lasers  was  curtained  experimentally  using  different 
(J-switches  as  mechanical  (spinning  prism),  elearo-optic,  passive  and,  more  recently,  FTIR  (from  Frustrated  Total 
Internal  Reflection).  Though  the  idea  of  utilisation  of  FTIR  devices  to  control  the  emission  of  lasers  is  not  new ',  only 
in  the  last  years  convenient  (^switches  based  on  this  phenomenon  were  designed  ^  and  demonstrated  real  qualities 
for  3-pm  lasers. 

There  are  few  works  devoted  to  the  mathematical  modelling  of  the  Q-switching  of  three-micron  Er-lasers 
where  a  simplified  two-level  model  is  used  and  the  initial  population  inversion  is  taken  from  experiment  (small 
signal,  single  pass  amplification  coefficient).  Though  the  results  of  this  modelling  describe  quite  satisfactorily  the 
experimental  data,  no  connection  was  made  between  energy  transfer  processes  governing  three-micron  lasing  of  Er 
laser,  pumping  conditions,  co-doping,  and  the  characteristics  of  giant  pulse  generation,  as  for  cw  emission  In  order 
to  understand  the  peculiarities  and  the  possibilities  of  the  3-pm  Er  lasers  working  in  (^-switch  regime,  we  have 
constructed  and  used  a  more  general,  rate  equation  model,  based  exclusively  on  spectroscopic  data,  involving  the 
populations  of  Er^  energy  levels  up  to  %i2  and  three  ener©'  transfer  processes:  up-conversion  from  %n  and 
and  cross-relaxation  from  The  necessary  spectroscopic  coefficients,  entering  the  rate  equations,  were  measured 
us  or  were  taken  from  literature.  The  (^switch  action  was  simulated  for  two  cases:  idealised  (step  function)  and 
more  realistic  one,  with  1.5  ps  switching  time,  illustrating  the  FTIR  device.  The  results  of  the  simulations  are  then 
compared  with  data  concerning  the  FTIR  Q-switched  Er:  YAG  lasers,  for  which  more  systematic  experimental  data 
are  available  in  literature. 
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2.  RATE  EQUATIONS  MODEL 

The  energ>'  transfer  processes  considered  in  our  model  are  presented  in  Fig.  1  with  dashed  lines.  The 
evolution  of  the  energy  level  populations  and  the  photon  density,  function  of  pumping  conditions,  activator 


Fig.  1.  Energ>'  level  scheme  of  Er^  in  YAG  and  the  radiative  (solid  line),  multiphonon  (dotted 
line),  and  energ>'  transfer  processes  (dashed  line)  involved  in  the  rate  Eqs.  (1). 

concentration,  and  laser  resonator  charaaeristics,  is  described  by  the  non-linear  system  of  coupled  rate  equations 

-  -\a^  +  Oji  +  fljj  +  fljj  +  ^54  +  W54  )a/’5  -  0)50 ATsYo  +  CD22 Yj  + 

—  =  -(«40  +  «41  +  «42  +  «43  +  ’^43)^4  +  («54  +  W54K  +  ^pA^O 

dt 

+  flji  +  ^32  +  +  (043  +  vt'43)Y  4  + 

dt 

^  +  a,,  +  W3,  )n,  +  2  “  P^i  K  +  Vo 

dt 

^  +  a,, Y,  +  +  (a^,  +  +  M“^2  "  P^iH  +  Vo 

T'"/ — -P^i)-p]  +  M21'^2  (1) 

dt  [n-l  +  l  II) 

where  No  to  Ns  are  the  populations  of  the  ^/i5/2»  ^■fi3/2»  ^h/2i  ^Fgn,  and  ^153/2  (thermalized,  at  room  temperature, 

with  ^H2na),  respectively.  The  coefficients  Oij  and  Wij  are  the  probabilities  of  radiative  and,  respectively,  multiphonon 
(i  ->  J)  transitions  (see  Fig.  1).  The  energy  transfer  processes  are  represented  in  Eqs.  (1),  by  ©ij  (for  an  Er  (50  at.  %); 
YAG  crystal  ©u  =  1-3  x  lO’’^  cm^  s  ’,  ©22  =  3.7  x  lO’’^  cm^  s',  and  ©50  =  106  x  lO'^’  cm^  s’  (Ref  5)).  Pumping  is 
allowed  in  any  energy  level,  i,  with  the  rate  R^i .  In  Eqs.  (1)  <t  ( =  2.6  x  10  cm^)  is  the  emission  cross-section,  c,  the 
speed  of  light,  the  photon  density  inside  the  laser  resonator,  p  -  the  total  losses  for  a  round  trip,  and  a,  p  (a  =  0.2, 
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P  =  0.04  for  the  2.94  jim  transition  at  room  temperature)  are  the  Boltzmann  population  coefficients  for  the  Stark  sub- 
levels  involved  in  the  laser  emission.  In  the  last  of  Eqs.  (1)  n  represents  the  refraction  index  of  the  active  medium  of 
length  /,  and  /’  is  the  length  of  the  laser  resonator. 

The  coefficients  fl,j  entering  Eqs.  (I)  are  the  sum  of  electric-  and  magnetic-dipole  probabilities,  given  in 
Table  1.  The  probability  of  the  multiphonon  transition,  between  successive,  levels  is  =  1  /  T/  - 1  /  7)’’“',  where 
Tf ,  are,  respectively,  the  fluorescence  and  the  radiative  lifetimes  (Table  1).  The  last  term  in  the  e*  of  Eqs.  (1) 
represents  the  spontaneous  emission  at  the  laser  wavelength.  The  electric-dipole  transition  probabilities  were 
calculated  with  a  modified  Judd-Ofelt  analysis  ® . 

Table  1.  Spectroscopic  data  for  Er:  YAG,  at  room  temperature. 


Initial  level 

Terminal  level 

(s-’) 

HEI^H 

HuSH 

mmjm 

w.j 

(s') 

''F9/2 

0.6 

\/2 

- 

All/2 

- 

4t 

Ai3/2 

446.6 

- 

1075.5 

- 

619 

16 

5.56x10'' 

0.5 

3.9 

52.9 

10.4 

63.3 

- 

1485.7 

- 

629 

1.5 

6.65x10^ 

h/2 

0.6 

1.5 

HIH 

45.9 

- 

178.3 

- 

4420 

0.05 

2x10'' 

%]/2 

16.2 

12.49 

110.8 

- 

7170 

100 

9.86x10^ 

^Il3/2 

"I15/2 

97.9 

56.3 

6484 

6500 

-0 

The  total  loss  per  round  trip,  p,  is  expressed  as  p 


- +  Pp  ,  where  7?i,  /?2  are  the  reflectivity  of 


the  total  (rear)  and  partial  (coupling)  laser  mirrors,  Tq  is  the  one-way  optical  transmission  of  the  Q-switch,  and  po  is 
the  total  passive  loss  coefficient.  The  Q-switch  operation  is  simulated  in  the  Eqs.  (1)  changing  the  optical 
transmission  of  the  Q-switch  fi-om  the  low  value,  Tq"",  to  the  high  value,  Tq'^^. 

The  energy  of  the  giant  pulse  is  calculated  with  the  expression 


“"pulse 


hViCAlnil! 

1 +  («-!)(///') 


J  (t.(t)dr 

pidse 


(2) 


hv,  being  the  energy  of  a  laser  photon  and^  the  cross-section  of  the  active  element.  The  FWHM  (full  width  at  half 
maximum)  pulsewidth,  is  calculated  in  the  so  called  triangular  approximation,  i.  e.  =  j  ^{t)dt  /(j)^  , 
where  ((w  is  the  maximum  value  of  the  photon  density. 

The  energy  stored  in  the  Er:  YAG  active  medium  is  the  sum  of  the  “potential”  energies  of  all  energy  levels 
populated  the  optical  pumping.  The  non-uniform  (Boltzmann)  population  of  the  Stark  sub-levels  was  taken  into 


.  -r  exp[-(«, 

account  Iw  defining  the  “thermal  center  of  gravity”  of  the  /  energy  level,  E.  =  2^  E  ^ - f-. - r - r, 

,  2- exp[-(£, -£,,)/ 

/ 

where  Ey  is  the 7*  Stark  sub-level  of  the  level  i,  ks  is  the  Boltzmann  constant,  and  T  is  the  absolute  temperature.  The 
energy  stored  /  cm^  of  active  medium  at  the  time  moment  t  is  now 


=  (3) 

#=1 

where  Nit)  is  the  instantaneous  population  of  the  level  i  and  h  Vi  is  the  photon  energy  corresponding  to  E,^. 

We  can  simulate  either  monochromatic  pumping  in  any  level  i  (with  rate  Rpd  or  flash  lamp  pumping 
(approximating  the  Xenon  flash  lamp  with  a  black  bo^).  For  flash  lamp  pumping  we  define  the  spectral  pumping 
coefficients  =  j  g{X)G{'k,)dk ,  with  XI  =1.  g{X)  contains  the  spectral  dependence  of  the  black  boify 

abs.band  * 

emissivity  and  a().)  is  the  absorption  cross-section  of  Er^  in  YAG  at  the  wavelength  X.  We  estimated  that  for  black 
body  temperature  of  10000  K,  approx.  78  %  of  the  pump  energy  is  absorbed  in  the  0.355  -  0.565  pm  domain,  and, 
via  rapid  multiphonon  transitions  transferred  to  ‘'S3/2.  The  energy  absorbed  effectively  by  the  Er:  YAG  crystal  in 
eleven  absorption  bands  (from  *li$/2  ''fi3/2  at  1.5  pm,  up  to  ^hsn  ^Gg/2,  at  0.36  pm)  is 

^  R{t)dt  where  /iv,  is  the  photon  energy  associated  with  the  1*  energy  level  of  Er^. 

^=1  0 

During  the  optical  pumping  and  giant  pulse  generation  a  fraction  of  the  absorbed  energy  is  lost  as 
spontaneous  emission  (radiative  loss)  or  as  heat  (non-radiative  loss).  The  expression  of  the  energy  lost  by  radiative 
transitions  /  cm^  of  active  medium,  during  the  optical  pumping  is 


''rad 


0  ti=l 


M.hv.. 

*  V  V 


>dt 


(4) 


where  At  is  the  duration  of  the  optical  pumping  and  Oij,  are  related  to  the  radiative  transition  /  ->  j.  The  same 
expression  can  be  used  for  the  radiative  losses  during  the  generation  of  the  giant  laser  pulse.  For  the  non-radiative 
losses  we  found  three  main  contributions.  Thus,  the  contribution  produced  through  normal  multiphonon  transition 
from  the  energy  levels  involved  in  Eqs.  (1)  is 
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where  the  first  term  in  the  square  parentheses  represents  the  heat  generated  in  the  rapid  multiphonon  transition  V7/2 
->  with  the  energy  gap  between  them  corresponding  to  hves-  The  level  ^Enn  is  fed  from  ^lua  iy  the  up- 
conversion  process  with  rate  ©22-  A  second  contribution,  due  to  the  off-resonance  of  some  of  the  energy  transfer 
processes  (an  excess  of  778  cm’*  for  the  up-conversion  from  and  a  deficit  of  533  cm’*  for  the  cross-relaxation 
from  "*^3/2)  is  expressed  as 


^nrad 


=  y [cDi,A,4i)/»v,  -(o^Ny{t)N^{t)hVj\it 


0 


(6) 
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where  /iv.,  hv^.  are,  respectively,  the  excess  and  deficit  energy  per  photon.  For  flash  lamp  pumping  a  supplementary 
source  of  heating  is  represented  b>'  the  energ\'  lost  in  the  non-radiative  transitions  from  the  higher  pump  levels  to 

%2, 


(7) 

i=6  0 

with  hv,s  corresponding  to  the  energy  difference  between  the  higlier  pump  levels  and  %,2.  We  must  note  that  E„roJ^^ 
is  included  in  total  non-radiative  losses  only  during  the  flash  pumping  interval.  Since,  in  our  model,  the  populations 
of  tlie  Er^  levels  higher  than  are  not  t^en  into  account,  only  and  E„raJ^^  will  be  considered  in  evaluating 
the  non-radiative  losses  during  the  giant  laser  pulse. 

3.  RESULTS  AND  DISCUSSION 

In  our  simulations  we  have  used  square  pump  pulses  200  ps.  The  Q-switch  is  open  at  the  end  of  the  pump 
pulse,  when  the  maximal  value  of  the  population  inversion  is  reached.  If  not  specified  otherwise,  we  will  consider  the 
following  parameters:  a  volume  of  the  active  medium  (Er(50  at.  %):  YAG)  of  1  cm^  with  length  /  =  8  cm  and  cross- 
section^  =  0.125  cm^  (as  used  in  Ref  3).  The  resonator  length  is  /’  =  27  cm  and  the  mirrors  reflecthities  are  R]  =  1, 
R2  =  0.78.  The  passive  loss  coefficient  is  /y,  =  0  cm’’.  For  an  active  medium  of  8  cm  the  value  of  7’e*'*'’  =  0.95 
corresponds  to  po  =  0.0064  cm"’ . 

Two  different  approaches  were  used  in  calculating  the  energy  generated  during  the  giant  laser  pulse;  (/)  with 
the  expression  of  given  in  the  precedent  section;  (n  )  considering  the  variation  of  the  stored  energy  in  the  active 
medium  during  the  giant  laser  pulse,  AEstonj  and  subtracting  the  radiative  and  non-radiative  losses,  Eioss-  As  an 
illustration,  we  present  in  Fig.  2  Ep^ise  as  well  as  AEstond  and  function  of  the  absorbed  energy,  in  the  case  of  a 
FTIR  Q-switch.  We  must  note  that  the  losses  produced  during  the  giant  pulse  can  not  be  neglected,  especially  near 
laser  threshold. 


Fig.  2..  Input  -  output  characteristics  for  a  FTIR  (^switch  with  T’g*'*''  =  0.95,  switching  time  fg, 
=  1.5  ps.  The  active  medium  has  1  cm^  volume  (/  =  8  cm,  >1  =  0.125  cm^).  The  resonator  length 
is  /  ’  =  27  cm  and  the  mirror  reflctivities  are,  respectively,  =  1,  Rj  =  0-78. 


A  comparison  between  FTIR  and  idealised-Q-switches  performances,  for  various  resonator  lengths,  is  given  in  Fig. 
3.  The  rather  good  performances  of  the  FTIR  Q-switch,  especially  for  longer  resonators,  could  be  explained  be  the 
relatively  low  value  of  the  emission  cross-section,  leading  to  long  pulse  build-up  times. 


Fig.  3.  Comparison  between  the  output  characteristics  of  FTIR  (open  symbols)  and  the  idealised 
(solid  symbols)  Q-switches,  for  various  lengths  of  the  laser  resonator.  Due  to  a  long  build-up 
time,  the  efficiency  difference  between  the  FTIR  and  the  idealised  Q-switches  is  not  drastic, 
especially  for  long  resonators. 

For  usual  pumping  pulses  (200  -  300  ps)  our  calculations  show  that  we  could  still  consider  the  levels 
population  close  to  the  stationary  values,  especially  for  high  pump  intensities.  On  the  other  hand,  our  analysis  show 
that  during  the  giant  pulse  generation  the  role  of  the  energy  transfer  processes,  essential  for  the  realisation  of  the 
population  inversion,  is  not  very  important.  Therefore,  within  a  rather  good  approximation,  some  of  the  main 
conclusion  of  the  cw  regime  ^  codd  be  applied  to  the  Q-switch  regime.  One  of  the  conclusions  was  addressed  to  the 
effect  of  co-doping  the  Er;  YAG  crystal  with  ions  as  Tm^  or  Ho^,  in  order  to  reduce  the  lifetime  of  the  terminal 
laser  level,  Ti.  Thus,  according  to  Ref  5,  for  the  2.94  pm  laser  transition  of  Er  in  YAG,  characterised  a 

subunitary  figure  of  merit  p  =  {a/  /  ®n)  (=  0.43),  the  value  of  the  terminal  laser  level  lifetime,  Tu  should 

be  kept  as  large  as  possible  for  efficient  cw  lasing.  For  the  Q-switch  regime  our  simulations  show  the  same  tendency: 
the  r^uction  of  Ti  ,  though  it  could  help  the  formation  of  the  laser  pulse,  reduces  the  population  inversion  and  the 
overall  result  is  negative.  On  the  contrary,  for  transitions  with  p  >1  (as  for  example,  the  emission  at  2.802  pm  of  Cr: 
Er:  YSGG,  with  p  =  1.027  or  the  emission  at  2.7  pm  of  Cr:  Er:  YAG,  with  p  =  1.85  ^)  the  reduction  of  Ti  should  be 
twice  beneficial  for  Q-switched  lasers:  improves  the  population  inversion  and  helps  the  formation  of  the  giant  pulse. 

A  comparison  of  the  results  of  our  analysis  for  the  2.94  pm  emission  of  FTIR  Q-switched  Er:  YAG  laser 
with  published  experimental  data  ^  show  that,  generally,  the  experimental  giant  pulses  are  less  energetic  that  this 
mathematical  model  predicts.  Using  the  FWHM  pulsewidth,  versus  pulse  energy,  representation  (which 
proved  to  be  very  convenient,  being  non-sensitive  to  the  spectral  composition  of  the  pumping  light  and  to  the 
e)q)erimental  pump  efficiency),  giant  pulses  with  energy  less  than  100  mJ  and  shorter  than  100  ns,  for  comparable 
laser  configurations  and  active  media,  can  be  obtained  only  for  passive  losses  po  >  0.02  cm’’  (Fig.  4).  Taking  into 
account  the  very  strong  absorption  of  the  water  at  2.94  pm,  water  vapour  traces  present  in  the  atmosphere  could 
introduce,  especially  for  long  resonators,  rather  high  passive  losses.  On  the  other  hand,  the  rate  equation  model 
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requires  a  population  inversion  at  the  laser  threshold  significantly  higher  than  the  experimental  value  estimated 
(approx.  1.2xl0'*  cm^,  according  to  ^).  Therefore,  to  explain  the  discrepancy  between  the  experiment  and  theory  we 


Fig.  4.  Open  symbols:  theoretical  Xp^he  versus  curves  for  various  passive  losses,  po  (FTIR 
Q-switch,  /  ’  =  27  cm,  =  0.95);  solid  svmbols:  experimental  dependencies  ^ =  0.8; 
■  /?2  =  0.73. 


should  look  for  the  possible  non-homogeneity  of  the  population  inversion  inside  the  active  medium,  resulting  in  a 
non-uniform  distribution  of  the  emission  intensity  across  the  emitting  surface  of  the  laser  rod.  In  fact,  hot  spots  in  the 
near  field  image  of  the  Er:  YAG  emission  have  been  obser\'ed.  This  non-uniformitj’  could  be  equivalent  with  a 
reduction  of  the  effective  emitting  surface  area. 


4.  CONCLUSIONS 

The  mathematical  for  the  Q-switch  regime  of  S-pm  Erbium  lasers,  presented  in  this  paper,  is  based 
exclusively  on  spectroscopic  data  concerning  radiative,  non-radiative,  and  energ>'  transfer  processes.  This  model 
allows  simulation  of  various  types  of  Q-switches  and  monochromatic  as  well  as  flash  lamp  pumping.  The  FTIR  Q- 
switch,  though  characterised  bj'  microsecond  switching  times,  proves  to  be  very-  convenient  for  2.94  pm  Er:  YAG 
laser  due  to  the  long  pulse  build-up  time. 

The  non-radiative  losses,  associated  with  various  multiphonon  transitions  and  the  off-resonance  of  the 
energy  transfer  processes  produced  during  the  optical  pumping  and  giant  pulse  generation,  are  defined  and 
evaluated.  Comparatively  with  non-radiative  losses,  the  radiative  ones  are  negligible.  Our  calculations  have  shown 
that  during  the  giant  pulse  generation,  the  non-radiative  losses  can  not  be  neglected,  especially  near  laser  threshold. 

For  usual  pump  duration  (200  -  300  ps)  the  main  conclusions  for  the  cw  generation,  concerning  the 

emission  efficiency,  are  still  valid.  Thus,  the  figure  of  merit  p  =  {a/  /co„)  continues  to  play  a  crucial  role. 

For  transitions  with  p  <  1  (2.94  pm  in  Er:  YAG)  the  reduction  of  the  terminal  laser  level  lifetime,  co-doping, 
would  reduce  the  population  inversion  and,  as  a  consequence,  the  emission  efficiency;  on  the  other  hand,  for 
transitions  with  p  >  1  (2.802  pm  in  Cr;  Er:  YSGG  or  2.7  pm  in  Cr:  Er:  YAG)  this  reduction  should  be  twice 
beneficial:  improves  population  inversion  and  helps  the  formation  of  the  giant  pulse. 

For  comparable  pulsewidths,  the  pulse  energies,  predicted  by  this  mathematical  model,  are  superior  to  the 
experimental  ones.  Possible  explanations  of  this  discrepancy  could  be  related  to  possible  high  passive  losses  and  the 


reduction  of  the  effective  emission  area,  due  to  the  non-homogeneity  of  the  population  inversion  inside  the  active 
medium. 
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ABSTRACT 

The  work  addresses  the  problem  of  a  COj  laser  dynamics  control  in  the  presence  of  Gaussian  white  noise  in  the 
cavity  losses.  We  improve  the  delayed  continuous  feedback  method  by  introducing  memory  of  the  previous  states.  The 
method  proves  a  powerful  one  that  works  for  otherwise  chaotic  dynamics  and  regular  dynamics  equally  well  and  it  is  robust 
with  respect  to  noise. 

Keywords:  bifurcation,  deterministic  chaos,  control  of  chaos,  self-controlling  method. 


1.  INTRODUCTION 

It  is  well  known  now  that  deterministic  chaos  is  present  in  the  dynamics  of  lasers.  An  example  of  such  behavior  is 
encountered  in  the  modulated  COj  laser  where  chaos  can  settle  down  even  in  the  vecinity  of  the  laser  threshold’’^ .  As  the 
applications  of  lasers  are  mainly  based  on  the  coherent  radiation  they  furnish,  the  onset  of  chaos  in  lasers  has  to  be  avoided. 

The  control  of  chaos  is  an  interesting  and  challenging  research  subject  recently  arisen  in  the  field  of  Nonlinear 
Dynamics.  In  a  pioneering  work,  Ott,  Grebogi  and  Yorke  ^  proposed  that  un  unstable  periodic  oibit  can  be  stabilized  by 
making  small  time-dependent  perturbations  on  one  of  its  adjustable  parameters.  The  technique  implies  the  preliminary 
analysis  of  the  Poincard  map  of  the  system,  and  the  adjustment  of  the  parameter  each  time  the  system  crosses  the  chosen 
Poincard  section.  Other  discrete  feedback  methods  have  been  developed. 

The  necessity  of  preliminary  and  on-line  computer  analysis  of  the  system  limits  the  use  of  discrete  methods  in  the 
case  of  veiy  fast  systems,  for  instance,  optical  systems.  Another  drawback  is  related  to  the  impact  of  noise:  for  the  control  of 
systems  with  large  Lyapunov  exponent,  tiny  errors  introduced  may  move  away  the  state  of  the  system  out  of  its  controllable 
region.  The  continuous  feedback  methods  are  initiated  by  Pyragas  ^  who  introduced  a  continuous  perturbation  for  one  of  the 
system’s  variables  in  such  a  way  that  it  does  not  change  the  unstable  periodic  orbit  of  the  system,  but  only  changes  the 
Lyapunov  exponents  so  that  the  orbit  becomes  stable.  To  achieve  the  stabilization,  it  is  not  necessary  any  information  about 
the  location  of  the  periodic  orbit.  We  will  refer  to  this  type  of  control  as  self-controlling  method.  Bielavski  et  al.  ’  have 
applied  the  method  to  the  stabilization  of  unstable  periodic  cycles  for  a  COj  laser  with  modulated  losses  by  applying  the 
control  in  the  parameter  of  cavity  losses. 

An  important  problem  concerning  any  method  of  chaos  control  is  its  robustness  against  external  noise.  This  issue  is 
very  relevant  in  practical  applications  where  dealing  with  noise  and  its  consequences  are  inevitable.  When  perturbed  away 
from  the  controlled  orbit,  the  trajectory  can  leave  the  basin  of  attraction  and  the  control  fails.  To  increase  the  rate  of  the 
convergenee  to  the  desired  orbit,  an  improved  method  is  considered  here,  by  including  memory  of  the  previous  states. 

In  a  recent  paper,  Christini  and  Collins  ^  prove  that  chaos  control  through  small  perturbations  can  be  extended  to 
the  case  of  regular  dynamics  of  the  system.  By  means  of  noise  externally  introduced,  the  dynamics  is  perturbed  from  that  of 
the  regular  motion.  When  the  state  variables  are  close  enough  to  the  interested  unstable  orbit,  the  control  is  initiated.  We 
show  that  self-controlling  technique  can  be  applied  equally  well  to  the  two  kinds  of  dynamics:  regular  and  chaotic. 
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2.  PHYSICAL  SYSTEM  MODEL  AND  ITS  DYNAMICS 


The  laser  rate  equations  are  a  simple  model  for  the  description  of  certain  laser  systems,  for  instance,  CO2  laser. 
Here  the  polarization  rate  of  decay  is  much  larger  than  the  other  rates  of  decay  in  the  system  and  polarization  is  excluded  by 
setting  dP/di=0.  Then  the  dimensionless  intensity  of  radiation  1  and  the  normalized  population  inversion  D,  in  the 
approximation  of  a  single  mode  two-level  laser  are  ruled  by  the  set  of  equations  : 

/  =  /(-^-2a:o),  (la) 

D  =  r,(l-D — ^).  (lb) 

The  parameters  G,  S,  and  acq  are  the  gain,  cavity  detuning  in  units  of  polarization  relaxation  rate,  atomic 
(molecular)  relaxation  rate,  and  cavity  damping  rate,  respectively.  When  laser  action  takes  place,  the  system  is  dissipative, 
i.e.,  contracts  volumes  in  the  state  space.  Indeed,  by  introducing  the  coordinates  x=ln/  and  ^^InD  (7  and  D  are  always 
positive)  we  have 


dx !  dx  +  0y  !  dy  -  exp(->')  <  0 

at  any  time.  Thus  every  volume  in  {xy)  space  contracts  as  time  passes  by.  System  (1)  possesses  a  globally  attracting  fixed 
point  {Iq,Dq)  =  {A-\-S^  A)  where  we  have  introduced  the  pumping  parameter  of  the  laser  A  =  G I  2kq.  From 

the  linearized  system  at  (/q,  Dq)  ,  we  infer  that  all  nearby  solutions  damp  oscillating  with  a  relaxation  frequency 

f,  =(l/2^){2r,Ko[A/(l  +  5^)-l]f\ 

We  will  study  the  laser  at  modulation  fi-equencies  close  to  /o .  In  such  cases,  nontrivial  effects  are  expected  due  to 
the  nonlinear  interaction  between  the  relaxation  frequency  and  the  modulation  one.  Typical  values  of  the  parameters  are 
chosen  for  a  waveguide  COj  laser^  :  =  2.5  x  lo’  s'' ,  aCq  =  5  x  lO’  s'' ,  and  ^0.25.  We  choose  an  excitation  parameter 

close  to  the  threshold  value  A^=\  +  S'^,  namely  ^=1.2,  and  a  modulation  in  the  losses  -i'K  =  Ka[\.  +  msm{27ft)] 
where  m  and /=250kHz  are  the  index  and  the  frequency  of  losses  modulation. 

Figure  1  presents  two  bifurcation  diagrams  when  the  index  of  modulation  is  slowly  sweeped  in  the  increasing 
direction  and  the  reversed  one.  It  can  be  seen  a  lot  of  types  of  time  evolution;  an  oscillation  at  the  period  of  the  modulation, 
a  route  to  chaos  through  subharmonic  bifurcations,  a  window  of  regular  dynamics,  crises,  and  chaotic  dynamics.  The 
asymptotic  evolution  depends  in  some  regions  on  the  initial  condition.  Enlargements  of  the  diagrams  in  the  region  of 
chaotic  dynamics  would  reveal  other  small  regions  of  regular  evolution. 

The  noise  is  taken  into  account  through  the  substitution  aco^  +  AAisin(2;^t)]->A(ro[l  +  »isin(2;?/'0+|]  for  the  cavity 
damping  rate,  where  ^  is  a  real  Gaussian  white  noise  with  zero  mean  and  standard  deviation  cr^ .  In  the  numerical 

simulations  the  random  variable  |  is  supplied  by  the  computer’s  random  number  generator.  The  dynamics  of  the  noisy  laser 
is  concentrated  around  the  noise  free  trajectory.  The  noise  induces  precursors  of  period-doubling,  interrupts  the  route  to 
chaos  and  induces  transitions  between  co-existing  attractors. 
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3.  CONTROL  METHOD 


To  overcome  the  difficulties  of  the  discrete  feedback  methods,  Bielavski  et  al.  ^  proposed  a  continuous  correction 
of  an  accessible  system  parameter.  Suppose  an  unstable  oibit  of  period  T  exists  at  a  value  of  the  parameter.  The 
continuous  applied  correction  is  of  the  form  Ap(0  =  a[x(t)-x(t  -T)] ,  where  x(0  is  a  scalar  dynamical  variable  and  a  is 
the  gain  parameter  of  the  feedback  loop.  Thus  the  strength  of  the  perturbation  is  driven  by  the  information  extracted  from 
the  dynamics  itself.  Implementation  of  the  scheme  is  based  on  the  variability  of  the  gain  a.  The  method  has  been  verified  on 
a  CO2  laser  with  loss  modulation  using  an  intracavity  electro-optic  modulator.  The  cavity  loss  parameter 
K=K(,[\  +  msm{27ft)'\  is  changed  through  the  control  into  kToO +msin(2;z/i‘)  +  a[/(0-^(^-«^)]}  where  T  =  ll  f  dSidnT 
is  the  period  of  the  unstable  orbit.  Technical  details  for  the  implementation  of  the  feedback  loop  are  presented  in  ^  . 

To  improve  this  self-controlling  procedure  we  propose  a  scheme  that  takes  into  consideration  memory  of  the  past 
states  of  the  system  ’’  .  We  change  the  Bielavski  correction  into  Ap(t)  =  a[x(t)  -  x{t  -  T)]  -  pAp{t  -  T) ,  where  is  the  gain 
parameter  of  the  additional  control.  The  supplimentary  control  introduces  another  adjustable  parameter  that  can  optimize 
the  control  technique.  The  system  equations  write  now: 


7(0  =  /(O -2Ko[l  +  m sin{2rft)  +  £(0] }  - 

1+0 

s(t)  =  a[I{t)-I{t-nT)y/is{t-nT), 


(2a) 

(2b) 

(2c) 


These  equations  form  an  infinitely  dimensional  dynamical  system  whose  analytical  study  is  difficult.  Here  we  will 
be  interested  in  the  numerical  analysis  of  the  system.  Comparison  to  the  Bielavski  method  will  also  be  made. 


As  in  the  previous  method,  the  «r-periodic  orbits  are  not  destroyed  by  the  control  which  changes  only  the  stability. 
If  the  periodic  orbit  is  stabilized,  the  power  in  the  feedback  loop  vanishes,  but  the  control  have  to  carry  on:  in  the  absence  of 
any  control,  small  disturbances  generated  by  noise  will  increase  and  the  system  will  go  away  from  the  desired  orbit. 
Knowledge  refering  to  the  position  of  the  unstable  orbit  is  not  necessary.  We  need  only  the  periodicity  and  in  the  studied 
system  this  is  determined  by  the  modulation  frequency  only. 

Figure  2  presents  typical  dynamics  for  the  control  of  a  CO2  laser  using  Bielavski  method  and  the  proposed  one  in 
the  same  conditions.  Both  methods  achive  stabilization  whatever  is  the  initial  condition  of  the  system,  i.e.,  the  basin  of 
attraction  is  the  whole  space.  This  makes  the  self-controlling  method  very  powerful  and  advantageous  with  respect  to  other 
procedures.  It  can  be  remarked  a  much  larger  rate  of  convergence  in  the  proposed  method,  and  this  is  adjusted  from  the 
parameter  p.  The  presented  method  also  enlarges  the  domain  of  the  parameter  a  where  the  dynamics  is  stabilized,  thus 
diminishing  the  power  needed  in  the  feedback  loop. 

The  stabilization  technique  is  also  applicable  in  the  case  of  a  regular  dynamics  of  the  system.  It  is  the  case,  for 
instance,  of  a  system  in  the  period-doubling  route  to  chaos.  If  the  motion  takes  place  on  a  2"  7  periodic  orbit,  it  has  all 
2^”  7  (0:^<w)  periodic  orbits  and  they  are  all  unstable.  Christini  and  Collins  ^  disturb  the  initial  regular  dynamics  through 
a  noise  externally  introduced  prior  to  the  effective  control.  In  the  self-controlling  method,  the  continuous  perturbation  has 
this  task  and  the  control  is  obtained.  Figure  3  presents  this  control  for  a  period  27  cycle  for  a  value  of  the  modulation  index 
where  the  system  is  47  periodic.  Consequently,  the  well  installed  idea  that  it  is  an  advantage  of  the  chaotic  dynamics  only  to 
permit  control  through  small  changes  in  the  system  has  to  be  modified. 

It  can  be  seen  a  much  larger  rate  of  convergence  in  the  proposed  method.  This  is  very  important  in  the  case  of  a 
noisy  system.  The  perturbations  are  rapidly  damped  and  the  quality  of  the  controlled  dynamics  is  better  than  in  the  Bielavski 
method.  Figures  4  and  5  show  the  control  of  a  period  7  orbit  and  27  one,  where  the  impact  of  noise  is  included.  Larger  noise 
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levels  do  not  destroy  the  periodicity  of  the  orbit.  Thus  the  idea  of  multiple  Poincare  sections  ®  to  diminish  the  time  between 
two  successive  corrections  not  to  allow  errors  to  grow  is  not  necessary  here. 


0  50  150  200  250 

TIME./is 


Figure  2.  Control  of  a  chaotic  state  through  the  self-controlling  technique  for  a  periodic  motion  of  period  T.  (a)  The 
uncontrolled  time  evolution,  (b,  c)  Laser  intensity  and  the  applied  continuous  control  in  the  case  of  Bielavski  method,  (d,  e) 
Laser  intensity  and  the  applied  continuous  control  in  the  proposed  method.  m=0.037  and  a  =  0.4  in  the  control  through 
both  methods  and  /9=0.3.  Laser  parameters  are  the  same  as  in  figure  1. 
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Figure  3 .  Control  of  a  periodic  2T  orbit  for  parameters  at  which  the  modulated  laser  has  a  4T  periodic  stable  cycle 

(m=0.033).  We  have  chosen  a=0.04  and  y9=-0.3. 


TIME,  (IS 

Figure  4.  Stabilizing  of  the  period  T  orbit  in  the  presence  of  Gaussian  noise.  cr^=l0%m  and  other  parameters  the  same  as 

in  figure  2d,  e. 
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Figure  5.  Stabilizing  of  the  period  IT  orbit  in  the  presence  of  Gaussian  noise,  cr^ =10%w  and  other  parameters  the  same  as 

in  figure  3. 

4.  CONCLUSIONS 

The  continuous  feedback  method  with  memory'  included  is  tested  for  the  single  mode  CO2  laser  with  cavity 
detuning  and  Gauss  noise  in  the  cavity  losses  included.  Usually  the  method  is  recommended  for  the  stabilization  in  systems 
where  only  one  parameter  variation  is  not  sufficient  for  the  control  ^  .  The  investigated  system  has  a  large  basin  of  attraction 
and  by  introducing  the  memory  parameter  the  trajectory  falls  rapidly  to  the  desired  orbit  noise  effects  being  small. 
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ABSTRACT 

The  paper  describes  the  methods  used  to  adapt  an  industrial  TEA-CO2  laser  to  the  requirements  of  the  ISO 
standard  1 1  254-2  for  a  laser  induced  damage  threshold  experimental  fecility.  The  goals  were  to  improve  the  pulse  energy 
stability  and  the  laser  beam  spatial  profile  and  the  methods  were;  (i)  finding  the  best  discharge  voltage;  (ii)  adapting  the 
laser  cavity,  (iii)  using  suitable  apertures.  There  is  also  presented  the  experimental  set-up  for  beam  characterization,  which 
included  a  laser  beam  profiler  (a  line  of  60  pyroelectric  deteaors),  an  energy-meter  to  monitor  the  pulse  energies  and  KCl 
optical  components  for  beam  splitting  and  beam  guiding.  Every  beam  distribution  was  regarded  as  a  linear  combination  of 
normalized  Gauss-Hermite  functions  and  the  fitting  algorithm  allows  the  calculation  of  the  coefficients  of  this  combination. 
Keywords:  TEA-CO2  laser,  laser  induced  damage,  ISO  standard  1 1  254-2,  pulse  energy  fluctuations,  energy  density  profile 

1.  INTRODUCTION 

The  more  and  more  increasing  laser  energies  that  are  used  in  various  applications  lead  to  the  problem  of  damages 
induced  in  optical  components  by  high  levels  of  energy  densities.  At  the  present  moment,  efforts  are  focused  on  finding 
substrates  and  coatings  with  higher  laser  induced  damage  threshold  (LIDT).  Repetitive  laser  radiation  may  depreciate  and 
damage  an  optical  surface  at  irradiation  levels  below  those  measured  for  single  shot  damages.  The  standard  ISO  1 1  254-2  is 
concerned  with  the  influence  of  a  repetitively  pulsed  laser  beams  and  it  defines  a  test  method  for  determining  the  LIDT  of 
optical  surfaces  subjected  to  a  succession  of  identical  laser  pulses. 

The  standard  defines  the  symbols  and  units  of  measurement  which  have  to  be  used  and  it  also  includes  a 
classification  for  the  types  of  laser  devices  that  are  used  as  sources  for  repetitive  radiation  pulses:  five  groups,  with  respect  to 
the  pulse  duration  and  seven  classes  after  the  pulse  repetition  rate.  The  LIDT  S-on-1  experimental  facility  that  is  presented, 
had  as  source  of  laser  radiation  an  industrial  TEA-CO2  laser,  included  in  Group  4  and  in  Class  C.  For  this  type  of  lasers,  the 
standard  requires  the  following'  maximum  variations; 


pulse  energy 

±  5  %; 

pulse  duration 

±  5  %; 

effective  area 

±  6  %; 

power  density 

±10  %. 

Initially,  the  laser  device  had  variations  above  these  limits  and  the  goal  of  this  work  was  to  obtain,  using  various 
optical  and  non-optical  methods,  a  laser  beam  complying  to  the  requirements  of  ISO  1 1  254-2  standard. 

2.  EXPERIMENTAL  SET-UP 

Two  laser  modules  Urenco-TEA-C02,  type  HLIOOO,  were  coupled  and  used  to  generate  repetitive  laser  pulses;  the 
pulse  duration  was  in  the  range  of  200  ps  and  the  maximum  repetition  rate  was  50  Hz..  The  laser  gas  was  a  combination  of 
10.5  %  CO2, 10.5  %  N2  and  89  %  He  and  the  discharge  voltages  could  be  varied  from  28  kV  to  34  kV. 

In  order  to  improve  the  beam  quality,  the  laser  cavity  was  eidarged  (figure  1).  At  the  end  of  the  second  module,  the 
laser  beam  was  passing  through  a  Brewster  window  and  it  was  guided  by  a  plane  copper  mirror  into  a  telescope  (convex 
and  concave  copper  mirrors).  The  beam  was  leaving  the  cavity  through  a  coated  Ge  window  with  30  %  reflectance.  Two 
aperture  holders  were  introduced  inside  the  laser  cavity  (at  the  end  and  between  the  modules),  to  find  the  diameters  of  the 
apertures  that  allowed  the  TEMoo  mode  to  oscillate  and  cut  the  higher  TEM  modes. 
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Figure  1  -  The  laser  cavity 


After  leaving  the  cavity,  the  laser  beam  was  guided  to  the  LIDT  set-up  wiiich  included: 

•  attenuation  and  focusing  systems  -  ZnSe  optical  components, 

•  sample  holder  -  optical  stage  with  positioning  system, 

•  on-line  visual  monitoring  line  -  microscope  coupled  to  a  CCD  camera  and  a  monitor. 

The  subject  of  the  present  paper  is  not  the  entire  LIDT  experimental  fecility;  it  is  only  related  to  the  methods  used 
to  improve  the  beam  quality,  therefore  to  the  (^timization  of  the  laser  cavity.  An  experimental  set-up  (figure  2)  was 
developed  to  evaluate  the  laser  beam  quality.  The  set-up  included  an  energy-meter  to  monitor  the  pulse  energies,  a  laser 
beam  profile  monitor  with  a  line  of  60  pyroelectric  elements  and  KCl  optical  windows  for  beam  delivery.  The  size  of  the 
pyroelectric  elements^  was  0.375  per  2.67  mm^  and  they  had  an  optical  cross-talk  smaller  than  0.5  %  and  an  electrical 
cross-talk  smaller  than  1.5  %. 

The  laser  beam  profiler  and  the  energy  meter  were  cormected  to  a  PC  compatible  computer  via  the  parallel, 
respectively  the  serial  communication  ports.  For  a  given  laser  cavity  configuration,  the  l^r  device  was  operated  at  a  5  Hz 
repetition  rate;  for  every  laser  pulse  the  energy  and  the  beam  profile  were  acquired  and  stored  on  the  computer. 


Figure  2  -  Set-up  for  laser  beam  evaluation 
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3.  CAVTTY  ADJUSTMENT 

The  design  of  laser  cavity  allowed  several  parameters  to  be  adjusted,  in  order  to  obtain  an  optimum  for  the  laser 
beam  exiting  the  outcoupling  mirror.  The  degrees  of  freedom  usable  in  the  optimization  process  are  shown  in  table  1. 

_ _ _ Table  1  -  Adjustable  parameters 


Parameter: 

Values: 

•  telescope  length 

28  cm,  29  cm,  30  cm 

28kV,31kV,34kV 

14  mm,  16  mm,  18  mm 

8  mm,  10  mm,  12  mm 

The  laser  device  operated  with  all  the  possible  configurations  for  its  cavity.  For  every  combination,  there  were 
acquired: 

•  500  laser  pulses,  in  order  to  calculate  the  mean  pulse  energy  and  the  fluctuations, 

•  20  pulses  to  calculate  the  mean  energy  density  horizontal  profile, 

•  20  pulses  to  calculate  the  mean  energy  density  vertical  profile. 

For  different  laser  cavity  configurations,  important  variations  of  the  pulse  ener^  fluctuations  and  beam  profile 
were  observed.  The  results  obtained  with  several  combinations  were  selected  to  be  shown. 


Figure  3b  -  The  horizontal  Geft)  and  vertical  profiles 

For  this  combination  (figure  3),  the  fluctuations  for  pulse  energy  were  very  large  and  the  horizontal  and  vertical 
energy  density  profiles  were  not  in  a  gaussian  shape. 


4.  FITTING  ALGORITHM 

The  goal  of  the  fit  algorithm^  is  to  find  the  analytical  function  which  gives  the  closest  values  to  the  experimentally 
determines  energy  distnbution  profile.  The  solution  of  the  paraxial  equation  for  laser  beam  propagation  can  be  written  with 
respect  to  the  eigenmodes: 


— +  2 


V2. 


V  Wr  y 


V2.: 


\  J 


(1) 


where  H„  and  H„  are  the  Hermite  polynomials  of  m*  and  n*  order  and  mV:  are  the  beam’s  waists. 
The  set  of  orthogonal  and  normalized  functions: 
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can  be  used  to  form  a  linear  combination  for  any  distribution  'f'(x,y)\ 

T)  =  E  Z  (x,  T)  > 


(3) 


Finding  the  coefficients  C„  is  equivalent  to  find  a  fit  for  the  amplitude  distribution  of  the  laser  beam.  The  most 
accessible  parameter  to  be  measured  is  the  power  (energy)  density  profile  P(x,y).  After  the  coefficients  calculations: 


Q*  =  (Xi,yj)  , 


(5) 


'  J 


and  the  laser  power  (energy)  is  given  by; 


P=]]Yix,yf  =  YZ  Ca.b  f  J"  lb  (*.  y)dxdy  =  E  Z  ^IbPa.b  ■  (6) 

-00-  00  o  b  -00-  00  a  b 

where  Pa.b  as  the  power  (energy)  of  the  laser  mode  TEM^t.  The  algorithm  leads  to  an  analytical  profile  for  the  laser  beam 
power  (energy)  density  and  it  also  enables  the  obtaining  the  probable  distribution  of  the  beam,  by  TEM  modes. 
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Figure  7  -  Example  of  experimental  and  fitted  profiles  (horizontal  -  left) 
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Table  2  -  Numerical^  results  for  the  profiles  depicted  in  figure  7 


1  Wifmm) 

% 

n  =  0 

1 

n  =  2 

n  =  3 

il 

a 

Fit 

m  =  0 

92.1 

0 

2.8 

0 

0.4 

1  6.17 

6.11 

m=  1 

0 

0 

0 

0 

0 

1  MV  (mm) 

m  =  2 

3.2 

0 

0.1 

0 

0 

Fit 

m=3 

0.3 

0 

0 

0 

0 

5.91 

5.83 

m  =  4 

0.4 

0 

0 

0 

0 

From  the  experimental  set-up  the  linear  energy  profiles  were  obtained  for  both  horizontal  and  vertical  directions. 
The  particularization  of  the  fitting  formalism  to  one  (fimension  is  immediate  and  due  to  the  fact  that  in  (1)  variable  are 
separable,  one  can  calculate  the  fit  fimctions  for  Ox  and  Oy,  and  their  product  represents  the  analytical  pro^e  of  the  fitted 
energy  distribution.  Using  the  analytical  function  which  fits  the  beam  profile,  the  3D  plot  of  energy  density  was  obtained 

The  major  draw-back  of  the  fitting  algorithm  is  the  sampling  frequency.  For  smooth  profiles,  with  low  spatial 
frequency,  the  fit  process  has  a  good  precision,  but  for  profiles  with  local  peaks  (high  spatial  fiequencies),  the  fit  curve  does 
not  resolve  them.  The  solution  might  be  the  use  of  arrays  with  more  elements  (CCD  camera,  for  instance). 


Figure  8  -  3D  plot  of  the  computed  energy  profile  for  the  example. 
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ABSTRACT 


Based  on  the  small  gain  approximation  in  the  unsaturated  regime  in  this  paper  we  present  the 
derivation  and  the  evaluation  of  the  spectral  optical  gain,  spectral  noise  figure  and  spectral  quality  factor 
on  single  and  double  pass  configuration  Er^* -doped  LiNbO  3  waveguide  amplifier  pumped  near  1484  nm. 
The  simulations  show  the  evolution  of  the  above  mentioned  parameters  under  various  pumping  regimes. 
In  the  present  work  we  demonstrated  that  high  gains  and  low  noise  figures  are  achievable  in  high  pump 
regimes  and  double  pass  configuration. 

The  obtained  results  can  be  used  to  theoretically  model  the  optical  amplification  around  1500  nm 
in  Er^"  -doped  LiNbO  3  waveguides  as  function  of  various  parameters. 


KEYWORDS 


Er^"^  :LiNbO  3  waveguide  amplifier,  double  pass  configuration,  gain,  noise  figure 

1.  INTRODUCTION 


The  study  of  the  spectral  distribution  of  the  noise  figure  plays  an  important  role  in  obtaining 
amplifiers  having  low  noise  and  high  optical  gain''^’^  '*’’ .  The  quantum  theory  of  the  amplitude  noise  in  the 
optical  waveguide  amplifiers  is  based  on  the  more  general  quantum  theories  of  coherent  light,  coherent 
light/matter  interaction,  noise  and  laser  emission'* . 

In  this  paper  we  report,  in  the  small  gain  approximation,  an  accurate  derivation  and  evaluation  for 
single  and  double  pass  configuration  of  the  spectral  optical  gain,  spectral  noise  figure,  and  spectral  quality 
factor  which  characterize  an  Er^^  -doped  LiNbO  3  waveguide  amplifier  in  the  unsaturated  regime,  pumped 
near  1484  nm,  and  also  their  evolution  under  various  pumping  regimes. 

In  Sec.  2  we  present  the  basic  equations  which  describe  the  optical  amplification  in  waveguides 
and  a  theoretical  study  of  the  spectral  distribution  of  the  above  mentioned  parameters.  Sect.  3  is  devoted 
to  the  discussion  of  the  simulation  results. 
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2.  THEORY 


The  theoretical  model  we  used  to  evaluate  the  noise  characteristics  of  Er^^ -doped  LiNbOj  waveguide 
amplifier  is  closely  related  to  EDFA  model  and  has  been  modified  to  account  for  the  effects  of  the  host 
material.  We  considered  a  quasi  two  level  system  model  and  we  neglected  excited  state  absorption  due  to 
the  considered  pumping  wavelength. 

From  the  analysis  of  the  interaction  of  the  pump  and  signal  photons  with  Er^'"  ions  in 
LiNbOj  it  is  possible  to  obtain  a  system  of  coupled  differential  equations  for  the  population 
densities  of  the  upper  laser  level  and  for  the  pump,  signal,  and  amplified  spontaneous  emission  (ASE) 
field  intensity.  In  the  case  of  steady  state  these  equations  are; 

Nj^x,y,z)  =  Nj^(x,y) —  "  (1) 

1 + Zt—  iPaM + 


where  P^{z)  represents  the  longitudinal  distribution  of  the  power  spectral  component  at  frequency  , 
having  the  polarization  denoted  by  the  index  m  {m  being  n  for  the  paralel  or  cr  for  the  perpendicular 
directions  to  the  optical  axis  of  the  crystal)  in  the  forward  (  +  )  and  backward  ( - )  propagation  directions. 

The  scattering  losses  of  the  integrated  optical  waveguides  have  been  taken  into  account  by  the 
term  and  the  term  hvi^Av/^  represents  an  equivalent  spontaneous  emission  input  noise  power  in  the 

frequency  slot  Avj^^  corresponding  to  the  central  frequency  . 

The  transition  rates  are  given  in  terms  of  the  mode  intensity  profiles  and  the  cross-sections 

(Jskmy  ^  denoting  the  absorption  (or)  and  emission  (e)  processes.  Spontaneous  transitions  from  the 

excited  states  to  the  ground  state  are  described  by  the  rate  A2J  =\  r  being  the  fluorescence  lifetime. 

Further  the  normalized  transversal  intensity  distribution  i„{x,y)  has  been  considered  wavelength 
independent.  ^ * 

In  Eqs.  (l)-(2)  we  considered  the  folowing  distribution  of  the  Er^^  ions;  Nj’[x,y)  =  NjQdlxyy) 
with  Njq  =  and  c?(0,0)  =  1. 

To  consider  the  most  general  configuration  we  used  the  folowing  boundary  conditions; 

Pi,{‘  =  0)  =  {l-R^^)P^^+R^P;,{z  =  0) 

=  i)  =  (/  -  Ru^)P,^^  +  RuM^  =  i) 
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where  are  the  mirror  reflectivities  in  r  =  0  (input)  and  r  =  Z  (output)  respectively  and 

Pmo.km>^wL.km  ^rc  the  optical  powers  injected  at  the  waveguide  input  and  /  or  output,  for  the  field  at 
frequency  and  polarization  m. 

The  selfconsistent  numerical  solution  of  the  system  of  coupled  first  order  differential  equations 
(2),  with  (1)  and  (3),  allows  to  calculate  the  longitudinal  evolution  of  the  pump,  signal  and  amplified 
spontaneous  emission  powers. 

Assuming  an  atom  distribution  density  N^(x,y,z)  for  the  ground  state  and  Nj{x,y,z)  for  the 
excited  state,  the  rate  of  change  for  the  probability  for  having  n  photons  at  frequency  v  in  a  single 
longitudinal  mode  P„,  is  given  by  the  photon  statistics  master  equation  of  the  linear  amplifier'* : 
dP 

=  <T,Nj^nP„_,-{n-¥\)P„]  +  (j^N\{n+\)P„^,  -nP„]  (4) 

where  cr^  and  cr^  represent  the  phenomenological  cross  sections  for  the  absorption  and  emission  processes 
that  in  LiNbOj  crystal  should  be  assumed  polarization  dependent. 

Considering  that  the  normalized  mode  intensity  profiles  are  not  uniform  in  the  transversal 

section  of  the  waveguide  the  photon  number  distribution  becomes  n  x  i„{x,y) . 

Multiplying  (4)  by  and  integrating  over  the  transversal  section  of  the  waveguide  we  obtain 

the  following  equation  for  the  two  photon  polarization  probability; 

dP 

+  r  aW/’n+l  - [r e («  +  0  +  Y a^Yn  (5) 

where; 


Ye  =  N^{x,y,z)i„{x,y)dcdy 

A 

Y^  =  YaM  =  N,{x,y,z)i„{x,y)dxdy. 

A 


(6) 


After  multiplying  (5)  by  the  number  of  photons  n  and  summing  over  n  we  obtain  the  photon  mean 
value  (n(r))  as; 


where; 


(«(2))  =  G(z)(«(0))  +  N{z) 


G{z,  v)  =  exp\ I [y  , (z  ,  v)  -  Y ,  .  v)  -  a(v)]d:?’ 


N{z,  v)  =  G{z, 

G{r,  v) 


(7) 

(8) 
(9) 


represent  the  spectral  gain  and  the  ASE  photon  number,  respectively. 

In  the  case  of  large  gain  (i.  e.  G{z)  »  1)  the  noise  figure  is  given  by'* ; 

G(z,  v) 


(10) 


where  the  term  2N/G  correspond  to  a  beat  noise  regime  at  the  peak  gain  and  the  term  J/G  to  a  shot  noise 
at  the  spectrum  tails. 
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Taking  into  account  the  photon  statistics  master  equation  of  the  linear  amplifier  (5)  and  the 
relations  between  the  forward  P^{z)  and  backward  P'(z)  powers: 

P^(z)  =  r(0)G(z) 

p-(0)  =  P-{z)G{z) 

we  calculated  the  net  gain  and  the  noise  figure  of  the  amplifier  in  the  single  pass  ^  (v), 
output  section  at  z  =  L)  and  in  the  double  pass  configuration  p  {y) ,  p  [v) ,  output  section  at  z  =  0) 
assuming  signal  injection  at  z  =  0  and  the  mirror  refiectivities  R(0)  =  0  and  R( L)  ^  0;  we  obtained: 

G.f.(v)  =  G(i,vXl-fi(i))  (12) 

Gd.p{y)  =  G^(L.v)B(L)  (13) 


\  +  2a(L.y)\‘ 


F^AL.yy 


.(x’.v) 


G{L,v) 


Fd.pk^=- 


i^Z)G(4  1+2G{4  J  4^  da  +1-G(4  +2j  rl^,  v]g(z’.  vjct 

I  J  0 _ _ 


where: 


G{L,  v)  =  exp|j[x,(z-,  v) -ra{z’,y)-oci  v)]dz- 


is  a  modified  version  of  Eq.  (8)  in  order  to  account  for  the  waveguide  scattering  losses. 

In  deriving  the  noise  figure  at  the  input  and  output  of  the  device  (Eqs.  (14)-(15))  we  considered 
an  input  signal  with  Poisson  statistics  (a^(o)  =  (n{0^). 

As  a  measure  of  the  gain  and  the  noise  characteristics  of  the  waveguide  amplifiers,  we  adopted  a 
quality  factor,  Q{z,  v) ,  defined  as  the  ratio  between  the  gain  and  the  noise  figure: 

At  the  output  of  the  amplifier  configurations  considered  above,  the  equations  of  the  quality  factor 
become,  respectively: 

e«.M= - '  ('*) 


l  +  2G(L,v)j|- 


27 


3.  DISCUSSION  OF  THE  SIMULATION  RESULTS 

The  system  of  coupled  first  order  differential  equations  (l)-(2)  for  the  optical  power  components 
and  the  upper  population  level,  can  only  be  solved  by  numerical  methods.  We  used  the  Runge-Kutta 
integration  method  (4th  order,  4  stages). 

Moreover,  the  presence  of  the  boundary  conditions  (3)  at  both  the  extremities  of  the  device 
requires  an  iterative  procedure  of  integration. 

The  simulation  of  the  optical  amplification  in  Er^^ -doped  LiNbOj  waveguide  has  been  performed 

using  parameters  obtained  from  literature'’^ .  Using  Eqs.  (12)-(19),  we  numerically  calculated  the  spectral 
dependence  of  the  gain,  noise  figure,  and  quality  factor  for  a  single  and  double  pass  configuration  of  the 
optical  amplifier  with  signal  and  pump  wavelengths  at  1531  nm  and  1484  nm,  respectively. 

The  spectral  dependence  of  the  cross  sections  has  been  explicitely  considered,  adopting  for 
O'  a,  ^  e  ^  values  measured  at  different  wavelengths  and  dividing  the  emission  spectrum  in  a  number 

of  small  intervals  (in  these  simulations  100  intervals  for  the  wavelength  range  from  1450  to  1650  nm). 

We  used  the  following  values  for  the  absorption  (a)  and  emission  (e)  cross  sections  of  the  pump 
(p)  and  signal  (5)  for  TE  and  TM  polarizations;  a  ^  (1484  nm)  =  5.61  x  10'“ m^  a  (1484  nm)  = 

3.46xl0■“m^  a  ^(^484  nm)  =  1.92xl0■“m^  o  ^  (1484  nm)  =  1.105xl0'“m^  a  ^  (1532  nm)  = 
17.24xl0'“m%  o  ^  (1532  nm)  =  12.15xl0'“m^  a  ^(1532  nm)  =  16.36xl0-“m^  o  ^  (1532  nm) 
=  11.53xlO'“m^ 

The  Er-profile  has  been  considered  Gaussian  in  depth  and  constant  in  width,  with  a  surface 
concentration  of  about  7.  xlO^’m^  and  a  diffusion  depth  of  20  pm. 

We  assumed  the  following  values  for  the  scattering  loss  and  spontaneous  emission  lifetime:  a  = 
3.7  dB  •  m  '  for  TE,  a  =  4.8  dB  •  m"'  for  TM,  and  x  =  2.6  ms,  respectively. 

The  length  of  the  waveguide  in  our  simulations  is  L  =  5.4  cm  and  the  pump  or  signal  assumed  to 
be  TE  polarized  if  not  explicitly  stated. 

The  double  pass  gain  spectra  Gj  p  {v)  is  presented  in  Fig.  1  for  the  input  pump  power  of  150 

mW  (high  pump  regime)  and  25  mW  (low  pump  regime,  near  the  threshold  pump  power,  which  is  P,/,  = 
18.5  mW  for  the  single  pass  and  =  12.5  mW  for  the  double  pass  configuration). 

The  noise  figure  spectra  F{z,v)  can  be  calculated  using  (14)-(15)  for  single  and  double  pass, 
respectively;  results  are  shown  in  Fig.  2  for  the  double  pass  case  with  a  mirror  reflectivity  at  r  =  Z,  section 
R(L)  =  0.98.  As  can  be  seen,  the  calculated  noise  figure  values  for  Er*^ -doped  LiNbOj  waveguides 
amplifiers  in  double  pass  and  high  pump  regime  are  comparable  at  peak  values  (F^  p  =  5.8  dB  for  A  = 

1531  nm)  with  those  obtained  in  optical  fiber  amplifiers. 
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When  the  waveguide  is  pumped  a  few  times  above  the  threshold  (i.  e.  P(0)  =  50  mW)  the  forward 
and  backward  noise  figure  spectra  are  very  similar,  the  forward  noise  figure  spectra  being  lower  about  5% 
at  peak  values  than  the  backward  noise  spectra. 

In  high  pump  regime,  however,  the  difference  between  the  forward  and  backward  spectra 
vanishes.  The  same  effect  is  obtained  in  the  case  of  ASE  spectra  for  the  optical  fiber  amplifiers  as  was 
shown  in  Ref  4. 


Fig.  1.  The  double  pass  gain  spectra  for;  a)  P(0)  =150  mW  and  b)  P(0)  —  25  mW;  L  -  5.4  cm 

The  spectra  of  the  quality  factor  Qd.p.{^)  for  the  double  pass  amplifier  are  presented  in  Fig.  3 

while  in  Fig.  4  we  present  the  dependence  of  the  quality  factor  versus  the  pump  power.  In  an  interval  of  2 
nm  around  A  =  1531  nm  the  double  pass  configuration  with  high  pump  regime  (P(0)  =  150  mW)  allows 
to  obtain  high  gain  (about  14.5  dB)  and  low  noise  figures  (5.9  dB)  for  amplifier  length  of  5.4  cm. 

From  the  behaviour  of  the  above  mentioned  parameters  under  various  pumping  regimes  we 
demonstrated  that  high  gains  and  low  noise  figures  are  achievable  in  high  pump  regimes  and  double  pass 
configuration,  this  allows  to  obtain  amplifiers  having  high  quality  factors. 

4.  CONCLUSIONS 

In  this  paper  we  present  an  accurate  evaluation  of  the  spectral  optical  gain,  spectral  noise  figure 
and  spectral  quality  factor  for  an  Er^^ -doped  LiNbOj  waveguide  amplifier  pumped  at  1484  nm  with  a 
TE  pump. 
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Fig.  2.  Noise  figure  spectral  behaviour  as  in  Fig.  1 


WAVELENGTH  (m)  |q-6 


Fig.  3.  Quality  factor  behaviour  as  in  Fig.  1 

The  theoretical  analysis  was  made  using  the  small  gain  approximation  in  the  unsaturated  pump 
regime  for  both  single  and  double  pass  configurations. 
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Fig.  4.  Quality  factor  behaviour  vs  the  pump  power 

We  demonstrated  in  this  theoretical  analysis  that  high  gains  and  low  noise  figures  are  achievable  in 
high  pump  regimes  and  double  pass  configuration;  this  allows  to  obtain  amplifiers  having  high  quality 
factors. 
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ABSTRACT 


The  output  beam  characteristics  of  a  CW  diode  end-pumped  miniature  NdrYVO^  laser  (1.1  at.%, 

Ix3x3mm^)  operating  in  fundamental  and  SHG  regime  are  presented.  Using  factor  to  describe  the 
multimode  pump  beam’s  propagation  from  the  broad-emission-area  diode-laser  the  coupling  optics  was 
designed  to  obtain  a  high  value  for  the  mode-matching  efficiency.  A  maximum  slope  efficiency  of 
T|^=58.6%,  with  T|q=53.8%  optically  efficiency  at  maximum  pump  power,  characterized  a  laser  resonator 
of  50mm  length  in  transversal  TEMqq  mode.  In  the  SHG  experiments  using  a  KTP  crystal  a  maximum 
power  of  lOOmW  was  reach  in  a  circular  laser  beam  of  4.2  mrad  half -angle  divergence. 

Keywords:  NdrYVO^  laser,  end  pumping  scheme,  factor,  SH  generation. 


1.  INTRODUCTION 


Nd:YV04  is  one  of  the  most  efficient  laser  host  crystal  for  diode  laser-pumped  solid-state  lasers. 

Compared  with  Nd:YAG  it  possess  the  advantages  of  lower  dependency  on  pump  wavelength  and 
temperature  control  of  a  diode  laser,  higher  slope  efficiency,  lower  lasing  threshold,  linearly  polarized 
emission  and  single-mode  output.  Its  large  stimulated  emission  cross-section  at  lasing  wavelength,  high 
absorption  coefficient  and  wide  absorption  bandwidth  at  pump  wavelength,  make  NdrYVO^  an  excellent 

crystal  for  stable  and  cost-effective  diode  laser-pumped  solid-state  lasers. 

In  this  paper  the  output  beam  characteristics  of  an  end-pumped  miniature  NdrYVO^  (1.1  at.%, 

Ix3x3mm^)  operating  in  CW  fundamental  and  SHG  regime  are  presented.  Earlier  work  includes  reports 
on  monolithic  NdrYVO^  laser^*^,  transversal  TEM^^^  operation^^^,  longitudinal  single-mode  oscillation'^^^ 

or  simultaneously  Q-switching  and  SHG  by  a  KTP  crystal  of  a  microchip  Nd:YV04  laser^^^l  A  special 
attention  we  paid  to  design  a  less-dimension  focusing  optics,  that  to  ensure  in  the  same  time  an  almost 

cylindrical  pump  beam 'in  the  active  medium.  Using  factor,  which  was  introduced  to  indicate  the 
transverse  mode  beam  quality  of  lasers,  it  is  possible  to  describe  the  beam  propagation  from  diode  lasers 

as  a  Gaussian  one^^’  Then  the  beam  propagation  after  the  focusing  optics  can  be  obtained  and  it  helped 
us  to  optimize  the  design  of  NdrYVO^  laser.  This  technique  has  the  advantage  of  simplicity  as  compared 

with  previously  ones^^'^^^  but  is  more  proper  for  an  active  medium  of  mm  length  order. 
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This  design  guideline  was  examined  by  a  NdtYVO^  miniature  laser  with  the  coupling  optics 

consists  of  a  simple  combination  of  fiber  lens,  rod  lens  and  focusing  lens  instead  of  the  prism  beam 
expanders.  We  obtained  a  low  threshold  power  and  a  high  slope  efficiency  of  -58.6%  in  a  TEM^j^  output 
laser  beam.  A  good  agreement  between  theoretical  and  experimental  results  was  observed. 

2.  FOriTSTNO  OPTICS  AND  LASER  CAVITY  DESIGN 


For  solid-state  lasers  optically  pumped  by  diode  lasers  two  basic  approaches,  end-  and  side¬ 
pumping  are  used.  The  end-configuration  is  an  attractive  mean  to  obtain  efficient  lasers,  while  the  side- 
scheme  is  a  method  for  power  scaling.  In  Fig.  1  a  model  of  an  end-pumped  solid-state  laser  used  to 
design  our  focusing  line  is  presented.  Here  denotes  the  waist  (1/e^  definition)  of  the  multimode 
pump  beam  in  the  active  medium  and  is  the  laser  resonator  TEM^^mode  spot-size  on  the  exit  face  of 
it.  Compared  with  the  pump  beam  the  spot  size  of  the  laser  cavity  mode  is  approximately  cylindrical  on 
the  active  medium  length. 


Fig.  1  Model  for  an  end-pumped  four-level  solid-state  laser.  The  laser  cavity  mode  is  almost  cylindrical  on 
the  active  medium  length.  For  a  quasi-three-level  laser  the  focused  pump  beam  radius  has  to  be  larger 

than  the  laser  spot  size 


The  diode  laser  beam  is  multimode  and  characterized  by  a  high  degree  of  astigmatism. 
Considering  a  laser  beam  of  factor,  the  spot  size  as  a  function  of  distance  z  from  the  beam  waist 
expands  as  a  hyperbola 


Wp(z)  =  w^o. 


,  1+ 

i 

(1) 


where  n  is  the  refractive  medium  index  and  denotes  the  laser  wavelength.  For  optimum  mode 

matching  of  pump  and  laser  beams  the  confocal  parameter  =  (2;mWpQ)/(M^A^)  must  be  longer  or  at 

least  equal  with  the  active  medium  length  L.  Usual  L  is  one  or  two  times  the  inverse  active-medium 
absorption  coefficient  at  the  pump  wavelength.  As  a  result  the  minimum  focused  beam  radius  is  given  by: 


M'po=- 


2n7t 


(2) 


Then  the  diode-laser  beam's  spot-size  on  the  active  medium  side  facing  the  diode  can  be  obtained  as 


w^(L/2)  =  ^  four-level-laser  it  should  be  smaller  than  the  laser  cavity  spot-size 

WpiLIl)  <  Wjo .  Finally,  the  minimum  focal  length  /  of  the  sohd-state  laser  coupling  optics  is: 
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,  nn 


nnL 
N  2M'A„ 


where  is  the  light-source  beam's  waist-size. 

Literature  attests  to  the  perfect  mode  overlap  efficiency  of  the  four-level-lasers  when  the  pump 
beam  radius  is  smaller  than  the  oscillating  beam  radius,  i.e.  /  w,q  <  1,  with  pump  intensity^^*^  few 

times  higher  that  the  threshold  intensity.  Then  a  relation  between  the  fundamental  mode  area  and 
factor  of  the  diode  laser  radiation  must  be  kept: 

=  nwl  >  TwliUl)  =  M^X^L/n  (4) 

Here,  for  a  plane-concave  resonator,  w,o  result  from  the  g,  -  parameter's  theory  as 


W,o  =(A;) 


I  -  4 ) ,  where  p  denotes  the  output  mirror  radius  and  I  =  L! n  + 1 


Now  will  consider  the  input-output  characteristics  of  the  laser  cavity.  The  active  medium 
circulating  gain  can  be  written  as: 


where  is  the  stimulated  emission  cross-section  for  the  laser  transition,  t  represents  the  upper  manifold 
lifetime,  /„  and  fy  are  the  fractional  populations  of  the  lower-  and  upper-level,  respectively.  The  effective 

pump  intensity  is  given  by  /  r  where  tj  is  the  pump  beam's  absorption 

efficiency  in  the  medium  and  P;,,  denotes  the  input  pump  power.  For  the  laser  performances  the  slope 
efficiency  r|^  and  the  threshold  pump  power  are  important  parameters.  The  laser  output  power 
can  be  written  as  function  of  a  residual  resonator  loss  L,  and  an  output  mirror  transmission  T  as^'^^: 

-  •) = n.{P.  -  PJ  (6) 

where  7^  represent  the  active  medium  saturation  intensity,  which  is  defined  as  I^=hVi  /(/^  +  'The 

threshold  pump  power  7)^  can  be  given  by: 

/  (I  (7) 

■V  '  *v,  2t|.  ' 

From  condition  dP^^ldT  =  0  the  optimum  output  coupler  transmission  is: 

(8) 

with  the  corresponding  optimum  output  power: 

(9) 

Equation  (4)  indicates  the  requirements  for  pump  beam  and  laser  material  characteristics  to  obtain 
a  good  overlap  between  the  active  medium  pumped  volume  and  TEM^^  cavity  mode.  By  eq.  (8)  the 

output  coupler  transmission  that  extracts  the  optimum  laser  output  power  at  a  given  pump  intensity  was 
establish. 
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3.  EXPERIMENTAL  RESIJI.TS  AND  DISCITSSION 


The  diode  laser  pumped  Nd:YVO^  miniature  laser  shown  in  Fig.  2  was  designed  by  above 
method.  The  laser  cavity  consists  of  a  NdrYVO^  chip  and  an  output  mirror  of  100mm  radius  of 
curvature,  with  reflectivity  of  R=98.9%,  95.6%  and  94.0%  at  1.06mm  wavelength,  placed  50mm  apart 
from  the  crystal.  A  1.1  at.%  Nd  doped  YVO^  crystal  (NEC  Co.)  with  dimensions  of  3x3 mm^  and  1mm 
thickness  was  used.  The  Nd:YVO^  medium  has  high  transmission  (>95%)  at  809  nm  and  high 

reflectivity  (>99.9%)  at  1.06  mm  on  the  side  that  face  the  pump  diode.  The  opposite  side  has 
antireflection  coating  at  1.06mm. 

DIODE  FOCUSING  Nd:YV04  OUTPUT 

LASER  LENS  1.1at.%.1x3x3mm3  MIRROR 


Fig.  2  Schematic  of  the  diode-pumped  NdrYVO^  miniature  laser.  A  resonator  of  50mm  length  and  output 
couplers  of  100mm  radius  were  used. 

The  crystal  was  longitudinally  pumped  by  a  max.  1  W  of  809nm  light  from  a  diode  laser 
(Optopower  Co.  OPC-810-CT100)  with  emission  area  of  lOOmmxlmm.  The  diode-laser  was 

temperature  controlled  to  ensure  an  absorption  coefficient  maximum  value  of  a^=27cm  ^  then  the 
absorption  efficiency  t|^  was  at  least  93.3%.  The  divergence  of  the  emitted  radiation  (FWHM  definition) 
was  754  mrad  perpendicular  to  the  junction  and  -117  mrad  parallel  to  the  junction  and  from  these  data  the 
pump  beam  was  characterized  by  factor  of  Af^=22.7  and  M^=1.5.  As  coupling  optics  a  combination 

of  a  fiber  lens  (330  mm  diameter),  an  antireflection  coated  rod  lens  ((|)=2  mm)  and  a  focusing  spherical 
lens  were  used. 

The  pump  beam  propagation  after  the  focusing  lens  is  presented  in  Fig.  3.  On  Ox  direction  it  was 
focused  to  ~60mm  radius:  we  choose  that  as  minimum  value  because  at  smaller  focused  radii  the  active 
medium  can  be  thermal  damaged.  In  Oy  direction  the  minimal  radius  was  -9  mm,  but  in  the  middle  of 
the  active  medium  a  circular  beam  was  obtained.  At  more  tightly  focused  beam  on  Oy  direction  the 
elliptical  pump  beam  in  the  medium  can  not  keep  the  lower  transverse  mode  output  at  high  pump  region. 
One  of  the  advantages  of  this  simple  coupling  optics  consists  in  its  dimensions,  namely  less  than  20mm. 
More,  by  proper  variation  of  distances  between  the  fiber-  or  rod-lens  and  the  laser  diode,  the  pump  beam 
ellipticity  in  the  medium  can  be  controlled.  The  agreement  between  experimental  points  and  theoretical 

curves  with  M^=27.9  and  =1.7  of  Fig.  3  indicates  that  it  is  possible  to  calculate  the  beam  shapes 
after  any  complex  optics  of  a  given  pump  source  by  using  ABCD  matrix  method. 
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Fig.  3  Focused  diode-laser  beam  propagating  in 
z  —direction.  The  curves  represent  the  calculated 

beam  shape  with  =27.9  and  My=l.l. 


Fig.  4  Input-output  power  characteristics  of  the 
Nd:YVO  (1.1  %  at.,  Ix3x3mm’)  laser.  From  fit 

data  was  obtained  a  residual  loss  L,  of  1.8%. 


Fig.  5  Theoretical  output  power  and  threshold 
pump  power  as  a  function  of  output  mirror 
transmission  T.  The  experimental  results  are 
also  indicated. 


Fig.  6  Output  beam  spot-sizes  as  a  function 
of  distance  from  the  beam’s  waist  (knife  edge 
method).  The  maximum  output  power  was 
considered. 


The  output  power  as  a  function  of  pump  power  is  presented  in  Fig.  4,  for  output  mirror 
transmissions  of  1.1%,  4.4%  and  6.0%.  A  maximum  slope  efficiency  value  of  ti^=58.6%,  with  optical 
efficiency  of  53%  at  maximum  pump  power,  characterized  the  laser  resonator  with  T=6.0%.  From  the 
theoretical  fit  we  obtain  an  internal  loss  L,  of  -1.8%.  Figure  5  shows  the  output  power  and  pump 
threshold  power  as  a  function  of  the  output  mirror  transmission.  The  curves  and  lines  represent  the 
calculated  output  power  from  eq.  (6)  and  the  pump  threshold  power  P,^  from  eq.  (7),  considering  as 
parameters  the  pump  power  namely  520  mW,  630  mW  and  740  mW.  The  following  values  we  used: 
SejjS=5.31xlO'^  cm^  (corresponding  to  a  laser  beam  radius  of  w,j=130mm)  and  I=\.36  kW/cm^.  From 

eq.  (8)  the  optimum  output-mirror's  transmission  values  are  11.7%,  13.1%  and  14.4%.  Using  eq.  (9) 
the  optimum  output  powers  are  274mW,  345  mW  and  414  mW;  these  values  are  also  indicated  on  Fig.  5 


36 


(the  horizontal  dashed  lines).  Due  to  specific  variation  of  the  output  power  as  function  of  the 
transmission,  the  experimental  results  for  the  mirror  transmission  of  6.0%  are  very  closed  to  the  optimum 
theoretical  values.  At  maximum  output  power  the  output  beam  laser  has  a  divergence  (half  angle, 

fS 

measured  by  knife-edge  method)  of  3.07x3.125  mrad,  that  correspond  to  an  M  factor  of  1.01x1.03. 

Finally,  the  SHG  performances  of  our  miniature  laser  were  investigated.  An  CASIX  KTP  5mm 
long  crystal  was  cut  for  type  II  of  phase  matching  and  antireflection  coated  for  fundamental  and  second 
harmonic  generation.  The  laser  resonator  consists  of  a  50  mm  output  mirror's  radius  with  99.9% 
reflectivity  at  1.064  mm  and  transmission  of  99%  at  532  nm.  For  properly  phase  matching  condition  the 
KTP  crystal  was  temperature  controlled.  The  best  results  on  output  power  at  532  nm  as  functions  of 
pump  power  are  presented  in  Fig.  7.  A  maximum  green  power  of  100  mW,  that  correspond  to  a 
conversion  efficiency  of  r72>v  =  25%,  in  a  circular  laser  beam  of  4.2  mrad  half- angle  divergence  was 
obtained. 
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Fig.  7  Fundamental  and  second  harmonic  output  power  for  the  Nd:YVO^  miniature  laser. 


4.  CONCLUSIONS 


The  output  beam  characteristics  of  a  cw  diode  end-pumped  miniature  NdiYVO^  laser  (1.1%  at, 

Ix3x3mm  )  operating  in  cw  fundamental  and  SHG  regime  are  presented.  The  laser  beam  of  the  broad 

emission  area  diode-laser  was  described  by  factor  that  helped  us  to  design  a  high  efficiency  miniature 
laser.  A  maximum  slope  efficiency  of  58.6%  was  reached  from  an  end-pumped  NdrYVO^  miniature 

laser,  pumped  by  maximum  0.8  W  at  809  nm,  in  a  TEM^^  laser  beam  of  1.01x1.03  factor.  The 

theoretical  model  presented  shows  a  good  agreement  with  experimental  data.  The  coupling  optics  we 
used  between  the  laser  pump  diode  and  active  medium  has  the  advantages  of  simplicity:  fiber  lens,  rod 
lens  and  spherical  lens,  small  dimensions:  less  than  20  mm,  and  ensures  an  almost  circular  pump  beam 
on  the  medium  length.  In  the  SHG  experiments  a  maximum  power  of  lOOmW  was  reach  in  a  circular 
laser  beam  of  4.2  mrad  half-angle  divergence. 
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ABSTRACT 

Within  the  framework  of  x-ray  laser  research  using  the  recombination  of  heliumlike  ions  with  free  electrons  to  produce 
lithiumlike  ions  in  expanding  and  cooling  hot  plasmas,  we  present  a  set  of  spectroscopic  data  required  to  improve  the  gain 
modelling.  We  estimate  the  cross  section  and  rate  for  ion-impact  excitation  in  aluminium  Li-like  lasing  medium  using  the 
two-state  approximation  for  transitions  caused  by  a  multipole  interaction  The  approximation  used  for  atomic  data 
calculation  is  presented. 

Keywords:  x-ray  lasers,  atomic  data,  inelastic  transition  probability,  cross  section,  rate  coefficients 


1.  INTRODUCTION 

The  modelling  of  x-ray  lasers  is  a  complex  theoretical  problem  requiring  an  accurate  time  dependent  solution  of  the 
hydrodynamic  equations  of  the  plasma  coupled  in  a  consistent  way  with  a  large  number  of  basic  atomic  processes  such  as 
electron  excitation  and  ionisation,  radiative  and  di-electronic  recombination  and  radiative  transfer.  For  the  particular  case  of 
x-ray  lasers  with  A1  Li-like  ions,ls^n/  configuration,  the  electronic  temperature  covers  a  wide  range,  between  several 
hundreds  of  eV  to  less  than  20  eV.  The  most  frequently  studied  transitions,  experimentally  and  theoretically,  are  the  3d-4f 
and  3d-5f.  The  evolution  of  the  gain  coefficient  for  these  two  transitions  (5/2-7/2  component)  in  Al'*^  has  been  computed 
but  including  only  the  electron-impact  and  decay  processes  in  redistributing  population  among  low-lying  excited  states. 
However  some  persistent  discrepancies  between  calculated  and  measured  absolute  gain  values  are  still  to  be  removed. 
Improvements  of  the  predicted  gain  values  are  expected  within  the  different  parts  of  the  modelling''^.  We  concentrated  our 
analyse  on  the  last  part  of  plasma  history,  when  complications  as  such  as  non-Maxwellian  particle  distributions,  radiation 
fields,  and  transient  plasma  conditions  can  be  neglected,  and  when  the  plasma  electrons  and  ions  have  comparable 
temperatures,  Te «  Ti. 

We  have  examined  the  probability  for  excitation  in  ion-and  electron-  collisions  including  electric-dipole  and  quadrupole 
transitions  of  type: 


Is^  2/  +  Is^  ir  Is^  21  +  Is^  nr  (1) 


2.  APPROXIMATION  USED  FOR  ATOMIC  DATA  CALCULATION 

The  ls^2/,  ls^3/,  IsHl  and  ls^5/  states  of  Al'^  have  been  carefully  considered.  The  target  wave  functions  were  represented 
by  configuration  interaction  (C.I.)  wavefimctions  of  the  form: 

N 

O  (LStc  )  =  21  ai  Oi  (Ui  LSti  )  (2) 

i=l 

where  each  d>i  is  constructed  from  one  electron  orbital  whose  angular  momenta  are  coupled  in  a  manner  defined  by  oq  to 
form  a  total  L  and  S  common  to  all  N  configurations  in  (2).  The  radial  part  of  each  orbital  is  a  sum  of  Slater-type  functions: 
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(3) 


P„  (r)  =  Z  Ci  r exp{  r) 
i 

Fifteen  orthogonal  one-electron  orbitals  Is,  2s,  2p,  3s,  3p,  3d,  4s,  4p,  4d,  4f,  5s,  5p,  5d,  5f,  5g  were  used  in  our  work.  They 
had  been  calculated  as  part  of  the  Opacity  Project"*.  The  large  C.L  computer  code  dev^eloped  by  Hibbert^  was  used  in  all  of 
our  bound  state  calculations. 


Using  these  C.L  wavefunctions  we  were  able  to  calculate  the  energy  difference,  AE,  and  transition  lincstrengths,  X.=l, 
2,  3  (dipole,  quadrupole,  octupole)  between  all  14  states  as  output  from  RMATRIX  II^.  All  these  calculations  have  been 
obtained  using  the  non-relativistic  LS  coupling  code.  In  order  to  cany  out  the  calculation  of  finestructure  linestrength  values 
we  used  the  approximate  expressions  for  vector-coupling  coefficients  and  6-j  symbols^  The  conesponding  level  energies 
included  in  our  present  work  are  given  by  direct  SCF  method  of  the  numerical  multiconfigurational  Hartree-Fock  type 
modified  by  relativistic  Darwin  terms  of  the  Pauli  approximation  in  the  Hartree-Fock  differential  equations®'^. 

Part  of  these  results  are  given  in  Table  1. 


Table  1. 


transition 

mode 

AE 

S(^) 

nl,  n’Ti’ 

EX 

(atomic  units) 

(atomic  units) 

2Si/2  -  3pi/2 

El 

9.423787 

0.035511 

2Si/2  -  3p3/2 

El 

9.432537 

0.071022 

2pi/2  -  3S]/2 

El 

8.403088 

0.007641 

2p3/2  *  3Si/2 

El 

8.373493 

0.015282 

2Si/2  “  3d3/2 

E2 

9.506180 

0.1156123 

2p3/2  -  3pi/2 

E2 

8.589400 

0.033190 

2p3/2  “  3p3/2 

E2 

8.598160 

0.298715 

2p3/2  “  4f7/2 

E2 

11.62300 

0.072640 

2p3/2  •  5f7/2 

E2 

12.98429 

0.0283449 

3.  TRANSITIONS  CAUSED  BY  A  MULTIPOLE  INTERACTION 

In  the  usual  impact  parameter  method,  for  a  transition  from  initial  state  |i>  to  final  state  |f>,  the  cross  section  is  equal  to  the 
integral  of  an  excitation  probability  P^  over  all  impact  parameters,  b,  i.e., 

00 

Oif(v)  =  2k  I  Prf(v,b)bdb  (4) 

0 

where  V  is  the  relative  velocity,  and  Pjf  is  the  square  of  the  absolute  value  of  the  transition  amplitude  Pjf  =  The 
amplitudes  satisfy  a  set  of  coupled  differential  equations.  The  problem  of  calculating  the  transition  probability  PiKv.b) 
reduces  to  a  system  of  equations  for  the  time  dependent  amplitudes  of  the  state  that  can  be  written  in  the  form; 

ill  dajdt  =  X  V  km(t)  ex/>(icokmt)  a^  (5) 


where  ©km  =  Ek-Em^  is  the  energy  difference  between  unpertuibed  levels,  and  Vkm  are  the  matrix  elements  of  the 
interaction,  depending  on  the  parameters  b  and  v. 
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We  shall  consider  two  state  approximation  theory^  ^  to  calculate  cross  section  and  rates  for  inelastic  transitions  of  type  (1) 
induced  by  ion.  In  this  case  the  transition  probability  is  given  by  a  multipole  interaction  at  comparatively  large 
distances,  larger  than  atomic  dimensions.  The  matrix  element  V  is  assumed  in  the  form: 

V(R)  =  X/R^  -  expi^R)  f(R)  (6) 

where  n  is  determined  1^  the  multipole  order  of  the  transition  under  consideration  (n  =  2  and  n  =  3  for  electric  dipole  and 
quadrupole  transitions,  respectively)  and  where  X  (with  dimension  s'^cm”)  is  the  constant  of  the  interaction  related  to  the 
linestrength  of  the  transition” .  In  eq.(6)  the  function  f(R)  is  a  polynomial  in  R”  ”  and  ^  is  constant  expressed  in  terms  of  the 
ionisation  potentials  of  the  states  involved  in  the  transition  under  consideration.  The  trajectories  of  the  colliding  particles 
are  considered  to  be  rectilinear  and  V(R)  cons,  when  R->  O.Two  effects’ ^  combine  to  reduce  rate  coefficients  drastically 
at  low  energy:  the  repulsive  coulomb  force  acting  between  colliding  ions  and  the  effect  of  the  finite  energy  gap  cojr.  Accurate 
calculations’"’  over  a  wide  range  of  collision  parameters  involved  in  ion-ion  collisions  have  been  reported  including  the 
collisional  effects  on  the  2p^3p  level  populations  in  Se^"*^  lasing  medium. 


We  used  first-order  perturbative  theory  to  make  some  order  of  magnitude.  The  collisions  have  been  divided  according  to 
whether  b  is  less  than  or  greater  than  bo.  The  limiting  impact  parameter  bo  was  written  as: 

bo  =  (On  xy  V  ,  a„  =  Vil  r(n  -1  /  n)/  r(n/2)  (7) 

When  b  <  bo  the  transition  probability  begins  to  oscillate  rapidly  about  the  mean  value  closed  to  the  limiting  value  of  1/2’^. 
When  b  >  bo  >  Ro  the  potential  (6)  can  be  replaced  by  the  potential  VR”.  In  this  case  Ro=l/(|)  is  the  effective  radius  that 
must  be  estimated  by  integrating  over  trajectory  function  composed  of  classical  trajectory  integrals  I>.^..  Here  (Xjx)  labels  the 
spherical  polar  component  \x  of  the  multipolar  interaction  term  of  order  X.  The  integrals  were  originally  obtained  for 
application  to  nuclear  excitation’^.  For  velocities  satisfying  the  condition  b  >  bo  >  Ro,  the  two  state  approximation  gives  the 
following  excitation  probability  and  cross  section  formulae: 

Ptf  =  exK-2(2"*’  p„  sin\nnn)+xy'")  (8) 

a  =  271  QJv)  sin{n/  2n)]  I„(P„)  (9) 

where  Pn  =  /v ,  x  “  collision  parameters  and  where: 

In(Pn)  =  I  *exp  {-2p„’  [(2^"  (7t/2n)  +  Pn’^^^’V)  -2’^“  sitj  (7i/2n)]}y  dy  for  Pn  »1  and 

0 

l2(P2)  ^  In  (I/P2) ,  h(h)  7t/2  when  Pn  ^  0. 


4.  RESULTS 

The  cross  sections  for  Al’^  impact  excitation  of  the  ls^2/’-  Is^nf’  transitions  in  Al’^  ion  were  evaluated  using  eqs.(9).  We 
used  in  our  calculation  the  general  formula  for  the  interaction  constant  related  to  the  linestrength  of  transition  under 
consideration: 


(21i  +  l) 


lo  h  k 
Vo  0  0. 


J  Po(r)P,(r)r^dr 


(10) 


where  P(r)  is  the  radial  eigenfunction  of  the  optical  electron  in  the  state  n/. 

For  optical  allowed  transitions  l->0  one  has  a  simple  form’^  connected  with  the  radiative  transition  probability  Aio  (s  ’): 
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>.^=1.55  E-llg,A,oZo'/(goOi^) 


(11) 


In  relation  (11)  gi  and  go  are  statistical  weights  of  the  levels  1  and  0,  respectively,  and  Zo  is  the  charge  of  the  incident  ion. 
In  all  our  calculations  the  incident  ion  is  assumed  structureless  and  the  trajectory  of  the  perturbing  particles  as  rectilinear. 
To  avoid  fast  numerical  calculations  the  target  size  ,  rT,  has  been  compared  with  rO,(iO  =  ZoZj  e^  /2E,),  one-half  the 
distance  of  closest  approach  at  zero  impact  parameter  and  relative  energy  E  The  results  we  have  obtained  were 
concentrated  on  the  collision  velocity  range  where  the  penetration  of  the  target  does  not  occur  (2r0>rT),The  most  interesting 
case  is  the  dipole  allowed  transitions  with  k  =  l.The  figure  1  gives  the  ratio  2rO/rT  for  the  electric-dipole  transition  ls^2p3/2 
-  ls^3d5/2  induced  by  Al'^  impact  excitation  as  functions  of  collision  energy.  Through  collisional  excitation  of  low-lying 
states  such  as  these,  ion-ion  collisions  can  increase  the  amount  of  radiation  emitted  a  plasma.  Excitations  that  do  not 
involve  a  change  of  principal  quantum  number  (An  =  0  transitions)  usually  are  favoured  in  collisions  between  thermal  ions. 
However,  as  the  relative  velocity  increases,  collisions  can  occur  at  velocities  near  the  peak  of  some  An  >  0  cross  sections.  In 
figure  2  is  shown  the  cross  section  for  Al^^  impact  excitation  of  the  electric-quadrupole  ls^2pi/2  -  ls^2p3/2  transition  in  Al^^ 
ion. 


Fig.  1.  The  ratio  of  the  closest  approach  to  the  target  size,  2rO/rT,  as  function  of  collision  energy,  for  the  ls^2p3/2-ls^3d5/2 

transition  induced  b>^  Al^^  impact  excitation  in  Al*^  ion. 


Cross  section  for  AllO+impact  exetution  of  the  2p(l/2)-2p(3'2) 
transttion  in  A110+  ion 


collision  eaerg>feV) 


Fig.2.  Cross  section  (in  atomic  units)  for  Al’^  ion-impact  excitation  of  the  Is^2pi/2  -  ls^2p3/2  transition  in  Al’^  ion  as 

fimetion  of  collision  energy(in  eV  units) 
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For  applications  it  is  necessary  to  know  the  excitation  rates,  which  can  be  obtained  by  averaging  the  cross  section  over  the 
Maxwellian  velocity  distribution.  We  have  estimated  the  rate  coefficients  for  some  transitions  of  interest  induced  by  ion-ion 
and  electron-ion  excitation  in  Al^^  ion. 

Most  modem  methods  of  calculating  electron  excitation  rates  of  an  ion  are  based  on  the  expansion  of  total  wave  function  of 
the  electron  plus  ion  system  in  terms  of  the  wave  fimction  of  the  ion.  The  most  effective  method  so  far  is  the  R-matrix 
method  which  was  pioneered  by  P.G.Burke^.  In  this  method  one  make  use  of  the  physics  of  the  situation.  At  short  distances 
from  the  nucleus  within  a  sphere  of  radius  a  the  exchange  effects  are  included  as  well  as  electron-electron  interaction  but 
outside  the  sphere  the  exchange  effects  are  neglected  and  the  electron  moves  in  an  asymptotic  field.  Because  so  few  ion-ion 
collisions  have  been  investigated  and  in  order  to  provide  an  estimation  of  electron-excitation  rates  we  used  the  semi- 
empirical  formula  of  Van  Regemorter^'  which  is  currently  the  most  frequently  used.  The  Table  2  gives  our  results 
concerning  rate  coefficients  for  ion-impact  excitation,  <vai>,  and  for  electron-impact  excitation,  <vae  >,  of  some  transitions 
of  interest  in  eq.(l). 


Table  2 

Rate  coefficients  for  Al^^  impact  excitation  ,<vai>,  and  rate  coefficients  for  electron-impact  excitation,  <xa^>  of  some 
electric-dipole  and  quadmpole  transitions  in  Al^^  ion  at  different  values  of  electronic  temperature,  Te(eV) 


<vci>/  <vae>  (cm^  s'^) 


transition(mode) 

20  eV 

30  eV 

40eV 

50eV 

ls^2s,/2-ls^3d3/2(E2) 

1.978E-11/ 

0.1578E-13 

4.1326E-08/ 

0.1179E-12 

7.445  lE-08/ 

0.384  lE-12 

4.8126E-07/ 

0.8301E-12 

ls^2p,/2-ls^2p3/2(E2) 

4.4009E-07/ 

0.8399E-08 

1.2603E-05/ 

0.6679E-08 

2.7085E-05/ 

0.5675E-08 

4.8747E-05/ 

0.4999E-08 

1.7494E-11/ 

0.1436E-15 

2.4056E-09/ 

0.5756E-14 

3.5258E-08/ 

0.3493E-13 

2.0012E-07/ 

0.1005E-12 

ls"2p3/2-ls"3d5/2(El) 

3.8672E-11/ 

0.1373E-13 

7.4009E-09/ 

0.5741E-12 

2.2947E-06/ 

0.3558E-11 

1.3789E-05/ 

0,1036E-10 

ls^2si,2-ls^3p3/2(El) 

2.5321E-10/ 

0.1665E-14 

6.4449E-08/ 

0.9785E-13 

1.3634E-06/ 

0.7188E-12 

0.1055E-06/ 

0.2319E-11 

ls'2p,/2-ls"3d3/2(El) 

5.0951E-11/ 

0.1461E-13 

9.6073E-09/ 

0.6186E-12 

8.9837E-07/ 

0.3857E-11 

0.5724E-07/ 

0.1128E-10 

ls^2pi/2-ls^3si/2(El) 

3.6513E-10/ 

0.7176E-15 

4.5883E-08/ 

0.2644E-13 

8.9837E-07/ 

0.1538E-12 

5.7241E-06/ 

0.4313E-12 

ls^2p3/2-ls^3d3/2(El) 

9.6634E-10/ 

0.1532E-14 

1.4667E-07/ 

0,6398E-13 

0.5905E-07/ 

0.3963E-12 

3.9706E-06/ 

0.1154E-11 

5.  CONCLUSIONS 

We  have  implemented  the  two  state  approximation  method  to  evaluate  cross  sections  and  rates  for  inelastic  transitions 
induced  by  Al^^  ion  impact  excitation  in  aluminum  Li-like  lasing  medium.  The  previous  results  have  been  obtained  using 
the  assumption  of  the  rectiliniar  trajectory  of  the  perturbing  particles  and  for  limiting  impact  parameter  under  the 
conditions: 

bo>Ro  and  (2X7(0)^’^  sin^  (7i/2n)  +  b^  >  Ro^. 

where  for  allowed  transitions  the  constant  of  the  interaction  was  evaluated  by  eq.(l  1).  The  impact  parameters  we  have  used 
were  evaluated  in  the  range  of  thermal  energies,  between  less  than  10  eV  and  30  eV.  In  the  range  of  collision  velocity  of 
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order  10^  cm  s’^  the  parameters  p2  and  X2  were  calculated  for  impact  parameters  less  than  bo.  Howe\'er,  for  arbitrary 
trajectory  the  intemuclear  distance  is  linked  with  time  and  the  Coulomb  repulsion  must  be  included  into  the  calculations 
together  with  the  close-coupling  effect.  Our  preliminarly  results  ignore  these  effects.The  method  we  have  used  yields  less 
accurate  cross  section  estimate  in  the  case,  where  close  coupling  increase  the  likelihood  of  a  (weaker)  quadrupole  transition 
at  the  slight  expense  of  the  stronger  dipole  transitions.  The  relative  errors  are  much  less  for  El  transitions,  and  they  tend  to 
decrease  with  increasing  collision  energy,  as  the  close-coupling  effects  diminish.  Thus  for  excitation  of  ions  together  with 
close-coupling  effect  which  is  substantial  when  p2  ^  l,i.e.  collision  energy  less  than  25  eV  for  the  El  transition  ls^2p3/2  - 
ls^3d5/2 ,  the  Coulomb  repulsion  is  exponential  in  the  parameter  lOco/v. 

We  have  compared  the  ion-ion  and  electron-ion  rate  coefficients  by  integrating  the  ion-impact  excitation  cross  section  on 
the  Maxwellian  distribution  over  velocties  of  the  particles.  We  used  quasi-classical  formulae  to  calculate  the  electron- 
excitation  rates.  We  conclude  from  the  preceding  comparisons  that  the  semi-classical  method  of  two  slate  problem,  as  we 
have  implemented  it,  generally  yieds  reliable  results  if  strong  coupling  through  intermediate  state  is  negleted.  Close 
coupling  calculations  are  in  progress. 
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ABSTRACT 

We  report  Q-switching  of  a  Nd:YAG  laser  with  a  phase-conjugating  mirror  based  on  external  stimulated  Biillouin 
scattering  in  carbon  disulphide  (CSj)  using  a  linear  resonator.  Q-switching  is  provided  by  a  nonlinear  LiF:F2'  crystal  before 
the  stimulated  Brillouin  scattering  takes  place.  Emploj-ing  proper  mode  selectors  pulses  with  6mJ  minimum  energy  and 

Q- 


Keywords ;  nonlinear  optics,  stimulated  Brillouin  scattering,  Q-switching  regime  of  the  laser  resonator 

1.  INTRODUCTION 

For  many  scientific  and  practical  applications  of  the  hi^  power  solid-state  lasers  the  br^tness  of  the  beam  is  a 
cmcial  parameter.  Optical  phase  conjugation  can  be  used  to  compensate  the  phase  distortions  of  the  solid-state  lasers* 
greatly  improving  the  quality  of  flie  generated  laser  beam.  The  simplest  realisation  of  such  adaptive  phase  conjugating 
mirror  is  based  on  stimulated  BriUouin  scattering  (SBS)  in  gases  and  liquids.  This  leads  to  handy  and  self-pumped  de\ices 
for  building  laser  oscillators  and  double  or  multipass  amplifiers. 

Beside  achieving  a  good  beam  quality  another  feature  provided  by  the  SBS  interaction  is  the  self  Q-switching  of 
the  optical  resonator.  The  approach  usually  adopted  is  to  include  the  SBS  medium  inside  a  laser  cavity  with  a  secondary 
mirror  employed  to  provide  feedback  at  the  beginning  of  the  laser  action^.  High  intra-cavity  intensities  experienced  by  the 
SBS  medium  in  this  configuration  can  lead  to  poor  spatial  beam  quality.  This  limits  the  repetition  rate  and  peak  power  of 
the  output.  There  has  been  reported  also  an  dtemative  cavity  configuration  in  which  SBS  medium  resides  outside  the 
conventional  cavity®'^.  The  output  beam  was  found  to  have  a  TEMoo  mode  and  efficient  energy  extraction  at  very  high 
repetition  rate  using  high  purity  SBS  media. 

We  have  investigated  theoretically  and  experimentally  the  performance  of  a  pulsed  Nd:YAQ  laser  system  utilising 
external  stimulated  Brillouin  scattering  for  Q-switching  and  phase  conjugation  of  the  cavity  radiation  using  a  linear  laser 
resonator.  In  our  paper  we  have  described  the  SBS  interaction  considering  some  particular  aspects  of  the  SBS  process  in 
the  case  when  the  duration  of  the  laser  pulse  is  long  compared  with  the  lifetime  of  the  acoustic  phonons  and  the 
experimental  results  obtained  have  confirmed  our  theoretical  model. 

2.THEORETICAL  MODEL 

The  reflectivities  of  SBS  mirrors  depend  on  excitation  conditions  and  material  properties.  Different  theoretical 
approximations  were  investigated,  especially  the  steady  state  case  was  explored  in  detail*-'*.  When  the  duration  of  tiie 
pumping  pulse,  II,  is  long  in  comparison  with  the  lifetime  of  file  acoustic  phonons,  x^,  in  the  nonlinear  medium  may 
flppftar  other  nonlinear  processes  with  random  character  (great  fluctuations  of  the  tiiermal  field,  induced  turbulence, 
multiplicative  ionisation  phenomena,  shock  hydrodynamic  waves,  etc)  besides  the  Brillouin  scattering.  In  fliis  case  tiie 
Brillouin  gain  is  modulated  by  the  random  process. 

The  authors  have  written  the  general  system  of  equations  for  the  SBS  interaction  in  file  form^; 


duration  of  20ns  were  generated,  the  beam  divergence  being  1.5  the  dif&action  limit.  A  new  theoretical  model  of  the 
switching  regime  has  been  proposed  and  good  agreement  between  cjqjerimental  and  theoretical  data  has  been  obtained. 
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(1) 


c  dt 
c  dt 


where  c  is  a  random  variable,  1^.  is  the  pumping  intensity  and  I3  is  the  Stokes  intensity.  The  simplest  case  is  when  the 
random  variable  has  a  gaussian  distribution.  The  dispersion  of  the  process  is  called  a. 

For  calculating  the  Brillouin  reflectivity  we  used  the  following  expression  for  the  Stokes  intensity,  deduced  by 
analytical  methods  from  the  system  (1): 


(yS7^-e-<7’g|;L,)^-G 

1+exp 

n 

where  G~25  is  related  to  the  initial  Stokes  noise  level,  gg  is  the  BriDoum  gain. 


(2) 


The  passive  Q-switcliing  regime  ofthe  laser  is  described  by  flie  rate  equatioirs'^  : 


^  =  q[Bn-y^(q)] 


dn 

dT 


=  -qBn 


(3) 


n(0)=na,(l  +  C);q(0)=q.p 

where  q  is  the  photon  density  and  n  -  the  population  inversion,  n^  is  the  threshold  inversion,  B  is  the  Einstein  coefficient 
and  Y„|(q)  represents  the  losses  which  are  intensity  dependent  because  of  the  SBS  mirror  reflectivity  Rg,  The  initial 
population  inversion  n(0)  has  been  assumed  above  threshold  by  a  fector  1+^(C«2%). 

The  flireshold  condition  for  laser  oscillation  is; 


IRje{>--“)'-T3R,+RoRgI  =  I  (4) 

where  I  is  the  laser  intensity  in  the  resonatorRj  is  the  reflectivity  of  the  output  minor,  R2=100%,  T  is  the  saturable 
absorber  transmission,  Tq  .  1^  are  the  transmission  and  the  reflectivity  of  the  Gian  polarizer,  1,  •  the  Nd:YAG  rod  length, 
Yg-  the  amplification  coefficient  and  a.  the  losses  per  unit  length. 

The  nonlinear  losses  are : 


Yri  = 


ca+  — In 


1-  RpRg 

RiRjTTg 


Ig-  flie  lengfli  of  the  resonator. 

By  introducing  the  normalised  variables : 


(5) 
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(6) 


\  =  t/x 

R(^)  =  isA 
y(^)  =  ii(^)/n(0) 
x(^)  =  (l  +  lJg,L.^ 

where  Ig  is  the  Stokes  intensity  and  x=yc  is  the  round  trip  time  of  the  resonator  and  L^g^is  an  effective  interaction  length 
which  depends  on  the  radiation  focusing  inside  the  cell,  we  obtain  the  following  system  of  equations : 


^  =  [A„y-G(R,)]c(RB) 


-B^yx 


The  initial  conditions  are  : 


^  =  [A.y-C3(RB))c 
Rb(0)  «  e'° ;  y(0)  =  1;  x(0)  «  e 


The  constants  and  functions  used  in  system  (7)  are  : 

A„  =  i^Bn(0) 
c 


2^B 

c 

chgBvi,// 


G(RB)  =  lni-^^ 

'  RiRzTTg 


C(RB)  =  (l-RBil- 


1-R* 


(l.RB)-RB(l-2RB)L.ff/^r'  +  3RB(l-2RB)ln 


1-2RbU 


(7) 


(8) 


(9) 


The  results  of  the  numerical  simulations  are  presented  in  Figure  1 . 
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Fig.  1  Plot  of  the  SBS  reflectivity  R,  population  inversion  Y,  output  pulse  X  as  a  function  of  time 

Our  theoretical  model  which  has  considered  the  cuasistalionaiy  approximation  for  the  SBS  interaction  proved  to 
be  good  cnoi^h  to  cjqjlain  tiie  Q-switching  regime  of  the  linear  resonator  and  the  predicted  pulse  duration  was  20ns. 

3.  EXPERIMENTAL  SET-UP  AND  RESULTS 

The  experimental  set-up  is  depicted  schematically  in  Figure  2. 
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Fig.2  Schematic  of  the  experiment 

The  concave  mirror  (3m  radius)  with  reflectivity  R>99,5%  and  the  plane  mirror  with  R=20%  defined  a 
hemispherical  resonator  whose  length  was  1.1m.  The  Nd:YAG  rod  with  a  6mm  diameter  and  a  80mm  length  was  pumped 
by  a  iash  lamp  in  a  diffuse,  fiquid  cooled  cavity.  The  radiation  at  l-06|im  was  outcoupled  by  a  quarter-wave  plate-Glan 
polarizer  combination  which  provided  an  easy  way  to  optimise  the  output  energy  by  adjusting  the  coupling  transmission, 
including  the  final  Brillouin  reflectivity.  The  Brillouin  cell  (L^lOcm)  filled  with  carbon  disulphide,  CS2 ,  was  placed  behind 
a  lens  (focal  length=5cm)  outside  the  linear  cavity.  We  choose  CSj  because  of  its  large  gain  (0.06crn/MW)  for  SBS.  This 
cell  acted  as  both  a  phase  conjugate  mirror  and  as  a  Q-switch.  The  pinhole  selected  fee  transverse  modes  by  limiting  fee 
Fresnel  number. 

The  Brillouin  backscattered  radiation  returned  to  the  main  resonator  was  extracted  through  fee  minor  Mj  to  be 
analysed.  A  fest  vacuum  photodiode  (rise  time=0.3ns)  and  a  Tektronix  519  oscilloscope  (bandwidth— 1  GHz)  was  used  to 
monitor  fee  laser  pulse  dination.  A  TRG  102  eneigimeter  was  used  to  measure  laser  beam  energies.  The  divergence  of  fee 
output  radiation  was  estimated  by  putting  different  apertures  in  the  focal  point  of  a  Im  focal  length  lens  and  measuring  the 
diameter  corresponding  to  80%  fell  energy. 

When  the  quarter-wave  plate  is  oriented  in  such  a  way  that  maximum  of  the  beam  energy  was  outcoupled  by  fee 
Gian  polarizer,  fee  energy  entering  fee  Brillouin  cell  was  about  30mJ  in  fee  form  of  relaxation  oscillations  pulses  wife 
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duration  of  the  order  of  200-300ns.  This  output  power  proved  not  to  be  enough  to  onset  the  SBS  process  so  we  used  a 
saturable  absorber  to  start  the  Q-  switching  of  the  cavity  so  we  put  in  the  cavity  a  UF  crystal  with  F2’‘  centres  (1^=10%). 

a)  An  output  beam  with  an  energy  of  40mJ  in  a  pulse  of  15>20ns  duration  was  obtained  when  the  energy  incident 
on  the  Briilouin  cell  was  25m  J.  TTie  experimental  recording  of  the  output  pulse  with  a  width  (FWHM)  of  40ns  and  20ns  is 
shown  in  Figure  3.  The  divergence  was  smaller  than  3mrad. 


Fig.3  Pulse  shape  with  LiF  crystal  Q-switching  (3a)  and  with  simultaneous  LiF  and  SBS  Q-switching  (3b) 

b)  Introducing  a  pinhole  (2.5inm)  into  the  cavity  the  energy  droped  to  5mJ,  the  pulse  duration  was  the  same 
(20ns)  but  the  divergence  became  1 .5  the  diffraction  limit  (Fig.3a  and  Fig.Sb). 


Fig.4  Pulse  shape  with  LiF  crystal  Q-switching  (4a)  and  with  simultaneous  LiF  and  SBS  Q-switching  (4b)  when  a  pinhole 

is  introduced  in  the  resonator 

The  figures  3a  and  4a  show  the  output  pulse  without  the  Briilouin  cell  and  figures  3b  and  4b  the  case  when  the 
Briilouin  cell  is  in  action. 


4.  CONCLUSIONS 

We  demonstrated  a  SBS  Q-  switching  of  a  linear  resonator  based  on  the  gain  material  Nd:YAG.  The  power 
generated  in  the  free-running  regime  proved  to  be  not  enougjr  to  reach  the  threshold  of  the  SBS  process  in  CSj.  However 
we  succeed  to  start  operation  of  the  laser  in  the  Q-switching  regime  using  a  solid  state  saturable  absorber  in  the  form  of  a 
LiF  crystal,  so  we  think  that  we  have  improved  the  e?q)erimental  set-up  in  comparison  with^  because  our  e5q)erimental 
arrangement  is  more  reliable. 

For  the  best  of  the  auttiors  knowledge,  friere  is  for  fiie  first  time  that  a  theoretical  description  of  the  external  SBS 
Q-switchcd  resonator  has  been  developed  using  the  cuasi-stationary  approximation  for  the  SBS  interaction  and  introducing 
a  random  phase  variable  to  modulate  the  SBS  gain,  in  the  case  when  the  pump  pulse  duration  is  long  compared  with  the 
lifetime  of  the  acoustic  phonons  and  good  agreement  between  experimental  data  and  theory  was  obtained.  The  predicted 
pulse  was  smooth  since  the  equations  modelled  take  no  account  of  propagation  effects  within  the  resonator  and  the 
subsequent  frequency  shift  which  is  characteristic  for  SBS. 
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ABSTRACT 

The  features  of  a  new  upconversion  mechanism  of  excitation,  the  sensitized  photon  avalanche,  are  discussed 
on  the  basis  of  a  rate  equation  modelling.  In  this  process  the  excited  state  absorption  (ESA)  from  a  metastable  level 
(reservoir)  of  the  active  ion  is  enhanced  by  a  cross-relaxation  between  the  emitting  level  of  this  ion  and  the  sensitizer 
ion  which  is  able  to  transfer  subsequently  the  accepted  excitation  back  into  the  reservoir  level  of  the  activator;  the 
donor  act  of  the  cross-relaxation  ends  on  this  reservoir  level  too.  When  the  efficiencies  of  these  two  energy  transfer 
processes  are  larger  than  specific  threshold  values  related  to  the  intrisic  de-excitation  rates  of  the  emitting  level  of 
activator  and  of  the  excited  level  of  sensitizer,  a  process  of  population  of  the  reservoir  level  with  a  quantum  efficiency 
larger  than  the  unit  for  each  act  of  de-excitation  of  the  emitting  level  takes  place.  Further  on,  if  the  ESA  rate  exceeds  a 
threshold  value  determined  by  the  intrisic  de-excitation  of  the  reservoir  and  by  the  efficiencies  of  the  energy  transfers 
an  avalanche  population  of  these  levels  could  take  place.  This  process  could  be  used  for  infrared  pumping  of  visible 
solid  state  lasers.  The  theory  is  illustrated  for  Yb^^  -  sensitized  visible  emission  of  Pr^"^  under  infrared  pump  (835  nm). 

Keywords:  photon  avalanche,  avalanche  upconversion,  upconversion  lasers,  visible  solid  state  lasers 

1.  INTRODUCTION 

The  photon  avalanche  upconversion  of  excitation  could  be  an  efficient  means  to  pump  high  energy  emitting 
levels  when  the  pump  quantum  is  too  low  to  reach  directly  these  levels  by  an  one-step  groxmd  state  absorption.  Such 
devices  are  of  great  importance  for  upconverting  the  infrared  radiation  of  pump  diode  lasers  to  visible  emitting  levels 
of  rare  earth  ions  in  crystals  or  glasses.  Photon  avalanche  is  a  strongly  nonlinear  process  of  population  of  the  emitting 
level  under  the  action  of  a  cw  radiation  resonant  with  a  high  cross-section  excited  state  transition  (but  non  with  any 
ground  state  absorption  line)  from  an  intermediate  metastable  level  (reservoir)  which  is  populated  by  a  cross-relaxation 
process  whose  initial  states  are  the  emitting  and  the  groimd  levels  and  the  final  states  for  both  the  donor  and  the 
acceptor  act  correspond  to  the  reservoir  level  If  the  efficiency  of  the  cross-relaxation  is  larger  that  of  the  intrisic  de¬ 
excitation  processes  of  the  emitting  level  to  the  ground  state,  it  could  induce  an  overal  quantum  efficiency  of 
population  of  the  reservoir  larger  than  the  unit  for  each  ESA  act  from  reservoir  to  the  emitting  level.  Moreover,  if  the 
ESA  rate  is  larger  than  the  intrisic  rate  of  de-excitation  of  reservoir  by  an  amount  which  also  depends  on  the  efficiency 
of  cross-relaxation,  an  avalanche  process  of  population  of  the  reservoir  and  of  the  emitting  levels  takes  place.  Thus  the 
photon  avalanche  is  a  threshold  process  as  concerns  both  the  efficiency  of  cross-relaxation  and  the  ESA  pun^  rate.  An 
additional  condition  is  a  very  low  ground  state  absorption  at  the  pump  wavelength. 

This  scheme  of  avalanche  produces  the  upconversion  of  excitation  to  a  high  energy  level  from  which  emission 
at  a  wavelength  shorther,  equal  or  longer  than  that  of  the  pump  radiation  could  take  place.  Several  other  avalanche 
schemes  are  also  possible,  which  use  part  of  the  excitation  quantum  upconverted  by  ESA  in  a  cross-relaxation  which 
contributes  to  the  population  of  the  reservoir  togheter  with  the  radiative  and  multiphoton  processes;  usually  in  these 
schemes,  although  the  excitation  is  upconverted,  the  emission  is  at  a  longer  wavelength  than  that  of  pump.  In  practice, 
although  all  these  schemes  of  avalanche  involve  only  several  (three  or  four,  depending  on  scheme)  significant  levels, 
they  must  fit  into  the  very  con^lex  energy  level  diagrams  of  the  rare  earth  or  transition  ions.  Thus  the  photon 
avalanche  was  reported  for  various  three-valent  rare  earth  ions  such  as  Pr^"^,  Nd^'^,  Sm^^,  Er^^  or  Tm^^  as  well  as  for  the 
transition  ion  Ni^'^.  For  some  of  the  rare  earth  ions  several  avalanche  schemes  are  possible  but,  as  mentioned  above,  not 
all  of  them  lead  to  emission  at  shorter  wavelengths  than  that  of  pump.  Of  particular  practical  interest  at  the  present  time 
are  the  avalanche  schemes  leading  to  visible  emission  (especially  in  the  ranges  suitable  for  laser  color  display)  under 
infrared  diode  laser  pump. 
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As  shown  above,  the  photon  avalanche  implies  a  large  cross-relaxation  efficiency,  i.e.  a  high  energy  transfer 
rate  and/or  a  high  concentration  of  the  active  ion.  The  first  of  these  conditions  imposes  a  severe  selection  of  the 
potential  avalanche  systems  while  the  second  condition  is  not  easily  fulfilled  either  due  to  technological  limitations  or 
to  the  activation  of  other  parasitic  non-radiative  energy  transfers  which  could  increase  the  global  effective  intrisic  de¬ 
excitation  rates  of  the  emitting  and/or  of  the  reservoir  level;  this  leads  to  a  corresponding  increase  of  the  threshold 
values  for  the  cross-relaxation  efficiency  and/or  for  the  ESA  pump  rate.  Such  a  case  is  Pr^"^  whose  excited  level  ^Pq  is  a 
very  good  emitter  in  all  the  visible  ranges  suitable  for  display  (blue,  green,  red)  on  transitions  terminated  on  various 
low  energy  levels.  However,  the  only  reported  avalanche  emission  in  crystals  doped  with  Pr^"^  was  the  red  and  orange 
^Po  emission  under  green  excitation  from  ^H5  level  *,  although  a  strong  ESA  in  the  range  800-860  nm  from  the 
metastable  level  ‘G4  to  *I6  and  ^Pi  levels  could  take  place,  followed  by  a  fast  phonon  relaxation  on  ^Pq  which  could 
then  cross-relax  with  another  Pr  ion  in  ground  state,  both  the  donor  and  acceptor  acts  ending  on  *64.  Thus,  although 
apparently  all  the  mechanisms  necessary  for  photon  avalanche  with  *64  and  ^Po  as  reservoir  and  emitting  level 
respectively,  i.e.  with  visible  emission  under  infrared  pump,  exist  in  case  of  Pr^"^,  no  such  emission  was  reported  for 
systems  doped  only  with  this  ion.  The  main  cause  is  the  the  high  value  of  the  intrisic  de-excitation  rates  of  these  two 
levels  which  leads  to  high  threshold  values  for  the  cross-relaxation  and  for  the  ESA  pump;  increasing  the  Pr 
concentration  in  order  to  assure  a  high  efficiency  for  cross-relaxation  activates  also  parasitic  de-excitation  processes  of 
levels  ^Po  and  especially  of  ^64  leading  to  a  further  increase  of  the  threshold  conditions. 

A  possibility  to  solve  this  problem  could  be  the  use  of  an  additional  ion  (sensitizer)  which  cross-relaxes  with 
the  active  ion  (in  such  a  way  that  the  donor  act  ends  on  reservoir)  and  which  is  able  to  transfer  the  accepted  excitation 
back  to  the  reservoir  level  of  the  active  ion.  Thus  the  joint  action  of  the  activator-sensitizer  cross-relaxation  and  of  the 
back  transfer  in  this  scheme  is  equivalent  to  the  role  of  the  cross-relaxation  in  single  activated  systems,  but  is  does  not 
require  a  high  concentration  of  the  active  ion.  In  case  of  Pr^^  visible  avalanche  emission  of  ^Pq  under  infrared  pump  a 
very  convenient  sensitizer  could  be  Yb^"^;  this  ion  has  a  very  simple  electronic  structure  with  only  two  energy  levels  in 
the  ground  electronic  configuration,  which  do  not  introduce  any  deleterious  effects  on  the  avalanche  process. 

The  present  paper  presents  the  results  of  the  mathematical  modelling  of  the  sensitized  avalanche  process 
described  above.  The  predictions  of  this  model  are  then  compared  v^dth  the  experimental  observation  ^  of  Yb^"^ 
sensitized  avalanche  emission  of  Pr^“^. 


2.  EXPERIMENTAL  DATA 

The  experimental  investigation  of  Pr,  Yb:YLiF4  has  been  conducted  along  two  lines:  spectroscopic 
investigation  in  order  to  determine  the  parameters  necessary  for  the  modelling  of  the  avalanche  process  and 
investigation  of  room  temperature  emission  under  cw  pump  in  the  range  of  800-860  nm. 

The  spectroscopic  measurements  have  been  performed  on  YLiF4  crystals  single  doped  with  Pr  or  Yb  as  well 
as  on  (Pr,  Yb)  co-doped  samples;  in  the  last  case  the  Pr  concentration  was  about  0.2  at.%  while  the  Yb  concentration 
was  changed  between  5  and  20  at.%.  The  optical  absorption  data  indicate  that  radiation  in  the  range  800-860  nm  is  not 
resonant  with  any  GSA  line  either  of  Pr  and  Yb;  however  the  photon  tail  of  Yb  absorption  extends  up  to  this  range, 
although  it  is  extermely  weak,  corresponding  to  a  cross-section  Oi  of  about  or  less  than  10*^  times  smaller  than  that  of 
ESA  (02)  from  ^64  to  \  reported  for  Pr^'"  in  fluoride  hosts. 

At  the  room  temperature  the  luminescence  decays  of  short  pulse  resonantly  pumped  ^PoPr^^,  *G4Pr  and 
^F5/2Yb  in  YLiF4  doped  with  low  concentrations  of  Pr^"^  or  Yb^"^  are  exponential,  with  lifetime  of  about  47  ps,  18  ps 
and  1.8  ms  respectively.  The  luminescence  decay  of  resonantly  pumped  ^Pq  level  of  Pr^"^  in  presence  of  Yb  confirms 
the  existence  of  an  efficient  cross-relaxation  between  these  two  ions:  the  luminescence  decay  changes  to  a  strongly 
non-exponential,  Yb  -  concentration  dependent  decay,  corresponding  to  an  effective  energy  transfer  rate  s  of  the  order 
of  5  X  10*^  cmV*. 

The  cross-relaxation  process  in  this  case  is  (^PoPr,  ^F7/2  Yb)->(  'G4Pr,  'F5/2  Yb);  due  to  a  better  matching  of 
^PoPr,->'  *G4Pr  emission  spectrum  with  ^F7/2  Yb  -  ^F5/2  Yb  absorption  than  with  ^H4Pr->*G4Pr,  the  transfer  rate  s  is,  as 
expected,  larger  than  that  of  the  self-quenching  process  p  inside  the  system  of  Pr  ions  (^Po,  ^H4)-y(  *G4,  ^G4),  The 
existence  of  Pr-Yb  transfer  is  manifested  also  in  the  presence  of  Yb  emission  at  resonant  pump  in  ^PoPr:  the  temporal 
evolution  of  this  emission  after  short  pulse  excitation  shows  a  risetime  which  reflects  the  lifetime  of  the  pump  level  ^Pq. 
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On  the  other  hand  the  presence  of  Pr  modifies  the  luminescence  decay  of  resonantly  pumped  Yb  ions;  the  beginning  of 
decay  is  fast  and  it  is  followed  by  an  exponential  part  faster  than  in  absence  of  Pr.  The  initial  part  of  this  decay  could 
reflect  the  presence  of  a  cooperative  three-ion  energy  transfer  by  which  two  excited  Yb  ions  in  the  nearest 
neighbourhood  of  Pr  transfer  simultaneously  their  excitation  to  the  level  ^Pq  of  Pr  while  the  slower  exponential  decay 
reflects  the  two  -  ion  transfer  from  Yb  to  the  reservoir  level  ^64  or  Pr  with  an  effective  transfer  rate  r  of  about  1.2  x  10‘ 
cm^  s'\  Both  these  Yb  to  Pr  transfer  processes  are  assisted  by  a  fast  migration  of  energy  over  the  excited  Yb  level  at 
the  high  concentrations  of  this  ion  used  in  our  experiment, 

The  room  temperature  measurement  of  emission  in  YLiF4  samples  (3  mm  thick)  doped  with  0.2  at.%  Pr  and 
10  at.%  Yb  under  Ti:  sappphire-cw  excitation  in  the  range  from  800-860  nm  shows  visible  luminescence  emission 
from  ^PoPr  at  various  wavelengths  from  blue  (480  nm)  to  red  (720  nm).  The  maximum  of  emission  is  obtained  with 
pump  around  835  nm  which  corresponds  to  ESA  from  'G4  to  Laser  emission  was  obtained  so  far  only  for  the  red 
(639.5  nm)  transition  ^Po  ^F4.  At  the  same  time  a  strong  emission  from  Yb^^  is  observed.  The  temporal  and  pump 
intensity  dependence  of  ^Pq  luminescence  emission  at  various  wavelengths  shows  clear  features  of  an  avalanche 
process,  similar  to  those  described  for  simple  systems: 

-  at  low  pump  intensity  the  emission  is  weak,  it  starts  immediately  after  the  onset  of  pump  and  reaches  very 
soon  a  plateau  (stationary  emission)  which  depends  quadratically  on  the  pump  power; 

-  with  increasing  of  pump  intensity  the  moment  of  time  when  the  emission  reaches  the  plateau  (tp)  increases 
and  at  the  avalanche  threshold  it  reaches  a  maximal  value  of  several  milliseconds  (in  the  range  of  7  to  10  ms),  much 
longer  than  any  lifetime  from  the  system.  At  the  pump  threshold  the  intensity  of  the  stationary  emission  increases 
strongly  (by  several  orders); 

-  by  fiirther  increasing  the  pump  the  value  of  tp  decreases  strongly  at  the  beginning  then  much  slower  to  a  very 
low  value,  while  the  intensity  of  the  stationary  emission  shows  a  saturation  behavior  with  respect  to  the  pump  intensity. 

-  at  high  pump  intensity  a  sharp  spike  is  observed  at  the  beginning  of  emission. 

The  red  laser  emission  at  639.5  nm  shows  the  features  of  avalanche  too. 

The  emission  of  Yb  shows  also  a  complex  temporal  behavior  which  evolves  to  a  stationary  regime  whose 
intensity  depends  linearly  on  the  pump  in  the  low  pump  region,  then  shows  a  very  strong  increase  (at  a  pump  intensity 
larger  than  the  threshold  for  ^PoPr  emission)  followed  by  a  rapid  saturation. 

3.  RATE  EQUATION  MODELLING 


3.1. The  physical  model 

The  scheme  of  the  sensitized  avalanche  emission  is  shown  in  figure  1,  where  by  I  is  denoted  the  sensitizer  ion 
S  and  by  II  the  active  ion  A.  The  significant  levels  of  these  ions  are  denoted  by  (li)  and  (2j)  respectively  and  their 
populations  are  n^  and  n2j;  thus,  the  emitting  level  is  (23)  and  the  reservoir  is  (22).  The  rates  W li  and  W2j  correspond  to 
the  total  intrinsic  de-excitation  processes  (radiative  and  non-radiative)  and  b  is  the  effective  branching  ratio  for 
populating  the  groimd  level  (21)  of  the  active  ion  directly  from  level  (23)  by  intrinsic  processes. 

In  order  to  simplify  the  discussion  we  assume  that  the  cross-relaxation  can  be  described  by  a  unique  rate  s, 
regardless  the  A-S  pair  and  a  similar  assumption  is  made  for  the  back  S-A  energy  transfer  r  too.  Due  to  the  high 
concentration  of  the  sensitizer  ion,  a  migration  -  assisted  cooperative  sensitization  (process  u)  of  the  emitting  level  (23) 
of  the  active  ion  by  simultaneous  transfer  from  two  excited  nearest  neighbor  sensitizer  ions  could  be  possible  as 
observed  for  the  systems  Yb-Tb,  Yb-Tm  or  Yb-Pr  in  various  hosts,  as  well  as  an  inverse  three-ion  (23,  11,  11)-^  (21, 
12,  12)  cross-relaxation  t.  We  also  assume  that  a  very  weak  ground  state  absorption  (of  rate  Rj)  at  the  wavelength  of 
pump  takes  place  in  the  sensitizer  ion  and  that  is  much  smaller  than  the  resonant  ESA  pump  (rate  R2)  in  the  active  ion. 
We  also  assume  that  an  internal  cross-relaxation  (23,  21)  — >  (22,  22)  of  rate  p  could  take  place  inside  the  system  of 
active  ions  A  and  that  a  two-step  S-A  energy  transfer  composed  by  the  process  r  and  second  step  q  is  also  possible. 
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II  active  I  sensitizer 


Figure  1 

This  scheme  can  be  adapted  to  several  S-A  systems.  Thus,  in  case  of  the  system  formed  by  Yb  as  sensitizer 
and  Pr  as  active  ion,  the  levels  (22)  and  (23)  correspond  to  ^G4Pr  and  ^PoPr  respectively,  while  (12)  is  the  excited  state 
^Vsn  of  Yb.  The  ESA  pump  in  this  case  takes  place  on  the  intense,  spin-allowed  (of  cross-section  Oi  of  the  order  of  0.5 
to  2.5  X  10^^  cm^  in  various  hosts)  transition  from  *64  to  'l6  from  which  the  excitation  decays  rapidly  on  ^Pq.  The  three- 
ion  process  u  is  possible  due  to  the  favorable  energy  levels  of  Pr  and  Yb  in  various  hosts.  The  process  p  has  been 
observed,  but  its  rate  is  usually  smaller  than  that  of  the  process  p;  at  the  same  time  the  two-step  Yb  to  Pr  transfer 
process  is  not  very  likely  because  of  the  large  mismatch  for  the  second  step  q.  The  rates  W23  and  W22  are  quite  large  (2 
to  10  X  10"^  s’*  and  10^  to  1.5  x  10^  s’*  respectively  in  various  hosts),  but  with  increassing  Pr  concentration  both  (23) 
and  especially  (22)  are  quenched  by  cross-relaxation.  In  case  of  Pr  the  intrisic  de-excitation  (radiative)  processes  end 
on  levels  placed  below  reservoir  and  thus  the  branching  ratio  b  is  close  to  the  unit.  In  case  of  Ho^"^  -  Yb^""  system  the 
level  (^F4,  ^$2)  could  act  as  emitter  and  ^14  reservoir,  while  for  Er^^  -  Yb^^,  ^83/2  could  be  emitter  and  either  ^In/2  or  "*113/2 
could  act  as  reservoir. 

3.2.  The  system  of  rate  equations 

The  system  of  rate  equations  which  describe  the  sensitized  avalanche  process  and  its  competition  with  other 
upconversion  processes  (intrisic  avalanche  determined  by  process  p,  the  step-by-step  (r+q)  process  and  the  energy- 
transfer  assisted  succesive  GSA+ESA  absorption  Ri-r-R2)  is 
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dn 


dt 


+  r«i2«2i  +  ^2”i2  +  ?«i2«22  -  2^nf,n23  +  2M«f2n22  “  -^i”i 


dn 


12 


dt 


■^^11^23  ”  ^^12^21  ^2^12  ^?^12^22  2^^211^21  '2.Un^2^2\ 


(1) 


«11  +«12  =«10 


t/w  2  2 

— ^  =  ^22^22  +  ^^23"23  “  ^«21«12  “  P«21«23  +  ^«23«11  “  M«12«21 

dt 


dn 


—  =  -^2«22  -  ^22«22  +  ^”23«11  +  ''”l2”21  +  (^  “  *)^23«23  +  2p«2l”23  “  9«22«I2 


dt 


dn  2  2 

=  Ri^ll  ““  ^23^23  ~  ^^23^11  “"  P^23^2\  "*”  9^22^21  “  ^^23^11  ^^21^12 

dt 

W2i+«22+'^23  =^^20 


This  system  of  rate  equation  descibes  the  evolution  of  the  system  at  constant  pump  rates  Ri  and  R2.  These 
rates  are  connected  with  the  intensity  of  pump  radiation  I  by  the  the  relation  R^^Iak/hv,  where  hv  is  the  pump  quantum 
and  k  -  1  or  2.  In  a  real  system  the  pump  intensity  could  show  local  variations  either  due  to  the  distribution  of  the 
intensity  in  the  transversal  section  of  the  incident  beam  or/and  the  absorption  of  pump  radiation  along  its  path  inside  of 
the  sample  due  to  the  GSA  and  ESA  processes.  Thus  eq.  (1)  could  be  considered  as  valid  only  for  punctual  modelling 
while  in  a  real  system  the  variation  of  the  pump  rates  must  be  taken  into  accoimt,  and  the  global  response  of  the  sample 
is  obtained  by  integration  over  the  pumped  volume. 


3.3.  Analytical  solution 

A  complete  analytical  solution  of  the  system  of  rate  equation  (1)  is  not  possible.  However,  an  approximate 
analytical  solution  could  be  obtained  for  the  stationary  regime  (t  ^co)  in  case  of  a  very  weak  depletion  of  the  ground 
states  and  in  absence  of  the  three-ion  processes  t  and  u.  In  this  case,  for  a  simplified  system  which  includes  only  the 
energy  transfer  processes  s  and  r  a  quadratic  algebraic  equation  can  be  obtained  for  the  stationary  population  n23°°.  The 
positive  solution  of  this  equation  is  possible  only  when  the  pump  rate  R2  exceeds  the  threshold  value 

(m,0  +  +  W„)  +  R, {!!'„+  m„)\ 

-  Hni„  +  W„)W„  -  R,{m„  +  bW„) 

and  if  the  energy  transfer  processes  are  efficient  as  compared  to  the  intrisic  de-excitation 

sn,,>bW22+^R,  (3) 

^20 

and 
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r«2o  > 


(4) 


sn,,-bW,,-^R, 

^20 

For  very  low  GSA  in  sensitizer  the  terms  in  Rj  in  eqs.  (3)  and  (4)  could  be  neglected.  Eqs.  (2)  to  (4)  connect 
the  threshold  values  for  the  ESA  pump  rate  R2  and  for  the  energy  transfer  processes  to  the  de-excitation  rates  W22,  W23 
and  W12;  it  is  thus  evident  that  weak  intrisic  de-excitation  processes  favor  the  avalanche  process.  Eq.  (3)  is  similar  to 
the  avalanche  condition  in  simple  (activator-only)  photon  avalanche;  however  in  this  case  it  is  much  easier  to  fulfil 
owing  to  the  large  ground  state  population  nio  of  the  sensitizer.  A  very  efficient  cross-relaxation  reduces  the  threshold 
values  for  the  pump  rate  R2  and  for  the  back  transfer  too. 

The  restrictive  condition  for  analytical  treatment  (low  depletion  of  the  ground  states)  is  well  fulfilled  up  to  the 
on-set  of  avalanche  in  case  of  very  low  GSA  rates  Ri;  this  indicates  that  the  threshold  rates  given  by  eqs.  (2)  to  (4)  are 
correct.  Indeed,  eq(2)  predicts  in  case  of  YLiF4:Pr  (0.2  at.%),  Yb  (10  at.%)  a  threshold  value  for  ESA  rate  of  6.2  x  10"^ 
s‘\  in  the  range  observed  in  experiment.  This  indicates  also  that  the  dependence  of  the  threshold  values  for  R2  and  of 
the  efficiences  of  the  energy  transfer  processes  on  the  spectroscopic  parameters  of  the  system  are  correct  and  they  can 
be  used  in  order  to  select  the  active  systems  for  the  sensitized  avalanche. 

3.4.  Numerical  modelling 

The  analytical  modelling  can  describe  only  the  stationary  emission  but  not  the  temporal  evolution  of  the 
system  after  the  onset  of  the  cw  ESA  pump.  It  is  also  limited  to  a  very  low  depletion  of  the  ground  state,  a  condition 
which  could  be  valid  only  up  to  the  beginning  of  avalanche,  and  only  in  case  of  very  low  Ri  GSA  rates.  However,  the 
complete  solution  of  the  rate  equation  system  (1)  can  be  obtained  by  numerical  methods.  We  performed  this  modelling 
in  two  steps:  first  we  used  the  spectroscopic  data  on  Pr,  Yb:YLiF4  in  order  to  explain  the  observed  emission  and  to 
check  the  limits  of  validity  for  the  analytical  modelling  then  we  varied  the  various  spectroscopic  parameters  in  large 
limits  in  order  to  put  into  evidence  the  effect  of  the  interactions  from  system  on  the  avalanche  process. 

The  main  results  of  the  numerical  modelling  are: 

-  at  low  pump  intensity,  below  the  value  corresponding  to  the  avalanche  threshold,  the  population  of  the 
emitting  level  increases  steeply  immediately  after  the  onset  of  pump  and  evolves  in  a  time  tp  to  a  stationary  value  which 
depends  quadratically  on  the  pump  power.  In  this  region  the  time  tp  has  low  values,  but  close  to  the  avalanche 
threshold  it  increases  strongly.  The  populations  of  the  ground  states  of  both  ions  are  still  high  as  far  as  Ri«R2; 

-  the  avalanche  threshold  for  the  ESA  pump  rate  R2  in  absence  of  three-ion  process  u  is  very  close  to  the  value 
predicted  by  analytical  modelling;  this  confirms  the  validity  of  the  equation  for  threshold  value  (2); 

-  the  time  necessary  to  reach  the  stationary  emission  has  the  largest  value  for  R2  pump  rates  around  R2iim;  this 
value  is  much  larger  than  any  lifetime  from  the  system  and  depends  on  the  reatio  of  the  ESA  to  GSA  pump  rates 
(R2/R1).  At  avalanche  the  temporal  evolution  of  population  n23  changes  its  shape  by  showing  an  inflexion  point  on  the 
rising  part. 

-  around  the  avalanche  threshold  a  strong  depletion  of  the  ground  state  (21)  of  the  active  ion  takes  place  both 
in  favor  of  populations  of  reservoir  (the  largest  part)  and  of  the  emitting  level.  The  population  of  reservoir  increases  up 
to  a  pump  rate  R2  of  about  1.2  R2iim  to  a  value  which  is  several  times  (up  to  6.5)  larger  than  that  of  the  emitting  level; 
above  this  rate  the  population  of  (22)  is  depleted  in  a  manner  similar  to  ^at  of  a  simple  two-level  system,  and  the  ratio 

becomes  linear  in  the  pump  rate. 

-  below  the  avalanche  threshold  the  population  of  the  excited  level  (12)  of  the  sensitizer  increases  linearly 
with  the  pump  intensity;  however  in  the  avalanche  region  a  strong  depletion  of  the  ground  state  (11)  takes  place,  but 
this  is  not  so  severe  as  for  the  active  ion.  This  depletion  could  produce  an  inversion  of  population  in  the  sensitizer  ion 
and  it  is  caused  by  the  bottleneck  of  the  energy  transfer  process  m2i  due  to  the  depletion  of  the  ground  state  of  the 
active  ion. 

-  the  cooperative  sensitization  of  the  emitting  level  (the  three-ion  process  u)  produces  a  triggering  of  the 
avalanche  process  manifested  in  the  reduction  of  the  pump  threshold  value  R2jim  and  in  the  modification  of  the 
temporal  dependence  of  the  population  n23:  it  induces  an  early  spike  of  emission,  which  depends  on  the  rates  of  the 
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various  processes  and  on  the  pump  intensity.  The  effect  of  the  cooperative  sensitization  u  is  similar  to  that  of  an 
external  triggering  of  avalanche  described  in  Thus  the  process  a  is  the  most  likely  explanation  for  the  early  spike  of 
emission  observed  experimentally. 

-  the  internal  cross-relaxation  process  p  as  well  as  the  two  steps  r-q,  S-A  energy  transfer  reduce  the  efficiency 
of  the  sensitized  avalanche;  however,  by  a  proper  choice  of  the  system  their  effect  could  be  minimized. 

The  numerical  modelling  at  uniform  pump  gives  a  fairly  good  description  of  the  dependence  of  stationary 
emission  of  level  ^Pq  on  the  pump  intensity  in  case  of  Yb,  Pr:YLiF4;  however,  it  does  not  describe  well  the  moment  of 
apparition  of  the  spike  with  respect  to  tp.  Moreover  the  observed  emission  of  the  reservoir  level  'G4  does  not  evidence 
clearly  a  maximum  of  emission  at  1.2  R2iiin;  the  emission  increases  with  the  pump  then  levels  off.  The  agreement 
between  modelling  and  experiment  can  be  restored  if  the  non-uniform  distribution  of  pump  intensity  in  the  sample 
volume,  due  especially  to  the  transverse  distribution  (Gaussian),  is  taken  into  account.  This  shows  that  for  a  given 
incident  pump  beam  the  various  parts  of  the  sample  could  be  pumped  below,  around  or  above  threshold  and  an 
integration  of  emission  over  the  pumped  volume  modifies  strongly  the  temporal  dependence  of  emission  (it  places  the 
spike  in  the  right  position)  and  the  dependence  of  total  emission  on  pump  (especially  in  case  of  reservoir  level  22). 

4.  CONCLUSSION 

The  analytical  and  numerical  modelling  of  the  sensitized  photon  avalanche  in  Pr,  Yb:YLiF4  describes  well  the 
observed  features  of  visible  luminescence  emission  under  infrared  cw  pump.  This  modelling  enables  a  connection 
between  the  characteristics  of  avalanche  and  the  spectroscopic  parameters  of  the  system,  the  concentration  of  the  active 
ion  and  of  the  sensitizer  and  the  conditions  of  pump.  It  is  thus  apparent  that  Yb^"^  is  a  good  sensitizer  for  the  avalanche 
visible  emission  from  level;  it  could  be  used  for  sensitization  of  cross-relaxation  processes  with  transfer  of  quanta 
of  the  order  of  10000  cm’*  in  other  rare  earth  ions  such  as  Er^''  or  Ho^"".  On  the  other  hand,  similar  processes  which 
lead  to  the  up-conversion  of  excitation  could  be  expected  in  the  sensitization  by  Ce^"^  of  low  quantum  (around  2000- 
3000  cm’*)  cross-relaxation  processes  in  ions  such  as  Nd^"^  or  Pr^*^. 
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ABSTRACT 

Power  stabilized  DL’s  represent  today  convenient  sources  for  radiometric  applications,  as  transfer  laboratory  standards. 
Stability  measurements  were  carried  out  and  reported  by  other  authors  for  different  time  intervals,  but  only  for  low  optical 
power  levels  (max.  16  mW).  For  calibrating  usual  optical  radiometers,  such  low  emited  power  DL’s  are  useless.  This  paper 
reports  stability  measurements  carried  out  on  several  collimated  DL’s  with  X  around  980  nm  and  emitted  power  up  to  265 
mW  in  near-field  / 150  mW  in  far-field.  Stabilities  of  the  order  le-4  for  short-time  intervals  (tens  of  seconds)  and  le-3 
for  medium-time  intervals  (1  hour)  were  found  for  a  non-thermostated  structure,  having  the  control  photodiode  (PD)  in  the 
same  enclosure  with  the  DL  (at  the  rear  of  the  structure).  The  corresponding  stabilities  for  an  external  control  PD  resulted 
of  the  order  le-5  for  both  short  and  medium  time  intervals.  The  schematic  of  the  optical  power  stabilizer  is  presented. 

Key  words:  diode  laser,  control  photodiode,  optical  power,  stability 

1.  INTRODUCTION 

If  one  has  to  calibrate  an  optical  radiometer  by  comparison  to  a  reference  one,  a  transfer  standard  of  emitted  power  is 
needed.  Power  stabilized  laser  DL’s  represent  today  convenient  sources  for  radiometric  applications,  as  power  transfer 
standards.  This  type  of  laser  is  maybe  the  easiest  to  power-stabilize.  It  also  allows  optical  power  tuning,  this  feature  being  a 
very  convenient  one.  A  higher  emitted  power  also  becomes  more  and  more  necessary,  but  only  small  power  stabilized 
DL’s  have  been  reported  -  max.  16  mW^'^.  In  this  paper  an  order  of  magnitude  higher  optical  stabilized  emitted 
power  DL’s  are  reported. 

Power  stabilization  is  achieved  by  a  feedback  loop.  The  control  element  is  a  PD,  which  can  be  placed  in  the  same 
enclosure  with  the  DL  (internal  PD),  behind  it  (as  the  DL  emits  at  both  ends),  or  separately  (external  PD).  The  two 
situations  are  represented  in  Fig.  1  a  and  b. 


REFERENCE  RADIOMETER 
RADIOMETER  TO  CALIBRATE 


a.  Internal  control  PD 


REFERENCE  RADIOMETER 
RADIOMETER  TO  CALIBRATE 


PD 


b.  External  control  PD 


Fig.  1. 
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Internal  control  PD  leads  to  a  compact  structure,  but  it  requires  structure  temperature  stabilization,  which  is  usually 
achieved  by  a  Peltier  cooler^ as  its  responsivity  is  temperature  dependent. 

External  control  PD  is  somehow  more  ‘‘uncomfortable”,  but  the  DL  requires  only  a  heat  sink  (or  even  a  fan  for  more 
powerful  devices),  if  the  temperature  drift  of  the  central  X  is  not  important.  This  is  true  for  flat  spectral  response  of  the 
reference  radiometer  and  of  the  radiometer  to  calibrate  (specific  to  most  of  thermal  detectors).  In  this  case,  a  control  PD 
must  be  chosen  with  a  moderate  or  small  slope  of  the  spectral  response  at  the  central  X  of  the  DL.  As  this  paper  further 
demonstrates,  these  were  easy  tasks.  The  external  control  PD  is  thus  more  versatile,  especially  if  a  high  power  DL  is  used 
(up  to  20  -  50  W  today).  For  such  DL’s,  it  would  be  difficult  to  built  an  internal  PD  which  would  not  saturate. 

2.  PRINCIPLE  OF  POWER  STABILITY  MEASUREMENT 

As  a  measure  of  stability  the  standard  deviation  relative  to  the  average  of  several  power  values  was  chosen*’^: 


SdtDev^ 


Yu^P^-Avgf 


n-\ 


(1) 


Stability^ 


SdtDev^ 

Avg 


(2) 


For  short  therm  intervals  (ST)  the  relation  (2)  is  used  straightforward  (that  is  why  the  ST  index  was  used).  For  medium 
time  intervals  (MT)  several  measurement  equally-time  spaced  cycles  are  performed.  All  cycles  contain  the  same  number  of 
values  n  and  an  average  power  is  calculated  for  each  cycle; 


Avg  = 


(3) 


where  y  =  1,  /w  is  the  cycle  number.  The  average  (3)  is  the  “representative  power”  for  cycle  j  For  all  cycles  the  global 
average  and  standard  deviation  are  finally  calculated  and  then  the  MT  stability: 
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3.  EXPERIMENTAL  RESULTS 

We  have  used  3  buried  heterostructure  double  quantum  well  InGaAs/InGaAsPAnGaAs  DL’s  with  the  central  emission  X, 
around  980  nm.  The  devices  could  emit  up  to  L3W  (the  most  powerful)  of  cw  radiation  for  an  injection  current  of  1  A,  but 
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the  beams  were  divergent.  As  a  good  quality  optical  beam  is  absolutely  necessaty  for  a  transfer  standard,  a  compact  optical 
collimator  was  used  (it  also  had  the  function  of  a  heat  sink),  but  it  reduced  the  power  of  the  output  beam.  For  reliability 
reasons,  a  max.  current  of  0.88  A  was  used.  The  used  DL’s  and  the  collimator  are  produced  at  the  Technical  University  of 
Moldova  in  Chisinau,  Moldova.  The  experiment  was  performed  in  “Polithehnica”  University  of  Bucharest,  Romania, 

The  power  stabilization  was  achieved  by  a  common  electronic  feedback  loop.  Both  setups  in  Fig.  1  were  used  (i.e. 
internal  and  external  control  PD).  The  internal  control  PD  of  DLl  was  reverse  biased  with  5  V,  but  the  external  control 
PD  (a  large  area  type)  was  not  biased,  for  optimum  noise  performance.  In  Fig.  2  the  schematic  of  the  feedback  loop  is 
presented  (with  the  internal  control  PD). 


Fig.  2.  Schematic  of  the  optical  power  stabilization  loop 

The  loop  consists  of  a  usual  voltage  stabilizer  ic,  a  super-p  opamp  (as  a  I/U  converter),  a  medium  power  transistor  and 
some  passive  components.  Only  the  values  marked  are  dependent  on  the  used  control  PD.  At  the  “P  monitor”  output  a 
Keithley  6517  Electrometer  interfaced  with  an  IBM-compatible  PC  were  used  to  acquire  data.  The  electrometer  was 
programmed  for  optimal  noise  performance.  For  the  MT  stability  measurements  a  1  hour  interval  was  chosen,  as  it  is 
enough  for  the  calibration  of  a  radiometer  by  comparison  with  a  reference  one  (or  another  similar  work).  21  measurement 
cycles  were  performed,  each  of  30  values,  3  min.  time-spaced.  The  results  are  presented  in  Figs.  3-8.  Output  optical 
powers  were  measured  in  near  field  (NF)  at  30mm  of  the  collimator  exit  and  in  far  field  (FF)  at  50-70  cm  (only  for  DL3), 
without  beam  splitter.  The  beam  splitter  reduces  useful  power,  but  a  high  transmission  one  can  be  used. 

From  the  graphs  one  can  be  observe  a  ST  stability  (i.e.  for  each  measurement  cycle)  of  the  order  of  some  E-4  and  a  MT 
stability  of  some  E-3  for  internal  control  PD.  The  fan  does  not  improve  the  order  of  magnitude  for  neither  ST  or  MT 
stabilities  (Figs.  3  and  4).  The  same  DL,  but  with  an  external  control  PD,  delivers  a  much  more  stable  optical  power  (some 
E-5  for  both  ST  and  MT  -  Figs.  5  and  6).  The  stabilities  are  the  same  for  DL  2  and  3  too  (Figs.  7  and  8).  DL  3  was  chosen 
to  be  our  transfer  emission  standard. 

It  is  worth  noting  that  other  researchers  reported  stabilities  of  some  E-6...E-5  for  ST  and  of  some  E-4  for  MT  at  a 
max.  optical  power  of  only  16  They  have  used  both  custom  and  commercial  DL^s  (Hitachi,  Sharp,  Philips),  but 

the  electronic  power  stabilizer  was  a  home-made  model  (as  commercial  types  are  not  made  for  high  stability 
performances).  The  number  of  measurement  cycles  (21),  values  per  cycle  (30)  and  time-spacing  of  the  cycles  (3  min.) 
were  the  same  with  ours,  so  a  direct  comparison  of  the  stabilities  can  be  made. 

Such  power-stabilized  DL’s  are  very  useful  not  only  for  calibrating  radiometers,  but  they  have  been  used  for  measuring 
the  characteristics  of  optical  components'*.  Radiant  power  stabilization  at  980  nm  is  also  important  for  direct  pumping  of 
Er^^-doped  lasers^  and  Er^'^-doped  optical  fiber  amplifiers^. 
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avg(i)/A^v9(B)  2  a^g(jyA.«a^«  (B) 


»L  1,  internal  control  PD,  heat  sink  only,  0.74  A,  130  mW  NF,  1  hour  stability=2.528e-3 


Fig.  4.  DL  1,  internal  control  PD,  heat  sink  +  fan,  0.88  A,  135  mW  NF,  1  hour  stability=1.169e-3 
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^ach  cycle  (C) 


stability  on  each  cycle  (C)  ^  Stability  on  each  cycle  (C) 


4.  CONCLUSIONS 

The  stabilities  obtained  with  external  control  PD  are  better  than  ex^pected.  Even  with  an  internal  control  PD  (with  the 
advantage  of  compactness)  a  non-thermostated  DL  transfer  standard  is  good  enough,  but  the  measurement  will  be 
performed  again  with  Peltier  coolers. 
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ABSTRACT 

A  simple  and  inexpensive  method  to  perform  high  resolution  spectral  studies  of  the  green-yellow 
pulse  shapes  of  a  CuBr  laser  is  presented.  The  radio-frequency  (RE)  spectrum  of  the  temporal  shape  of 
the  detected  signal  is  called  “pulse-shape  spectrum”  (PSS).  The  individual  510.6  nm  (green)  and  578.2 
nm  (yellow)  PSS  are  studied  in  the  range  20-500  MHz  with  1  MHz  resolution.  The  RE  spectral 
analyses  of  the  compound  signal  (the  weighted  sum  of  the  two  pulses,  one  of  them  being  delayed  with 
respect  to  the  other  one)  reveals  that  the  coherence  properties  of  the  spectral  components  are  dependent 
both  on  the  pulsed  mode  excitation  and  the  optical  modes  supported  by  the  optical  cavity. 


Keywords:  CuBr  laser,  pulse  shape  spectrum,  time  separation. 


1.  INTRODUCTION 

A  large  part  of  actual  research  efforts  are  dedicated  to  improve  the  optical  transmission  of 
information.  This  increase  our  need  to  understand  and  control  the  beam  quality  ,  as  well  as  the 
modulation  systems  or  the  analysis  techniques  of  the  detected  signal^  in  order  to  extract  the  useful 
information.  For  these  purposes  various  methods  are  of  interest,  such  as:  mutual-  or  auto-correlation, 
spectral  analysis,  adaptive  filtering  etc.  This  paper  presents  a  simple  and  low-cost  method  to  perform 
studies  on  a  pulsed  CuBr  laser.  First,  the  510.6  nm  (green)  and  578.2  nm  (yellow)  pulses  are  isolated 
and  separately  detected.  The  initial  delay  time  between  the  appearances  of  the  overlapping  laser  pulses 
may  be  measured  by  compensating  it  with  a  variable  delay  time  given  by  different  optical  paths.  On  the 
contrary,  by  increasing  the  initial  delay  time  up  to  achieve  time  separation,  one  can  obtain  qualitative 
information  concerning  the  decrease  of  the  coherence  degree  induced  by  the  optical  cavity  modes. 

2.  EXPERIMENTAL  SETUP 

We  use  a  CuBr  laser  working  both  on  5 10.6  nm.  and  578.2  nm.  copper  lines  at  a  repetition  rate  of  22 
kHz.  The  CuBr  laser  is  operated  in  the  pulsed  mode,  so  both  spatial  and  temporal  coherence  are  low  ’  . 

The  optical  path  1  (fig-1)  is  longer  than  the  optical  path  2  and  can  be  varied  in  order  to  obtain 
different  delay  time  intervals.  A  4  mm  pinhole  PH  affects  the  amplified  spontaneous  radiation,  while 
the  lenses  Ll  and  L2  reduce  the  spot  diameter.  The  prism  P  separates  the  green  and  yellow  radiation. 
PMl  and  PM2  are  two  modified  photomultipliers  VA-S-968  (to  improve  the  response  time,  only  three 
dynodes  are  used)  which  detect  the  green  and  the  yellow  pulse. 

The  weighted  summation  of  the  electrical  signals  is  delivered  at  the  input  of  a  800  MHz  large  band 
(RE)  amplifier  (a  modified  TV -set  amplification  chain  including  VHF/UHF  amplifiers  and  IF 
amplifier).  Special  cautions  have  to  be  taken  to  avoid  the  surrounding  tv-signal  to  enter  the  amplifier. 

The  amplification  factor  is  etalonated^  in  order  to  keep  the  zeroth  order  spectrum  as  reference 
(i.e.  unity  value).  The  whole  range  is  sweeped  with  a  6  MHz  window  given  by  the  VHF/UHF  channel 
selector. 
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Fig.  1  Schematic  diagram  of  the  experimental  setup.  Ml,  M2-  plane  mirrors 


The  output  signal  is  sampled  with  an  electronic  SMV  6.1/RFT  r.m.s.  voltmeter.  The  “normal”  step  is  of 
1  MHz,  but  we  may  increase  the  number  of  measuring  points  when  necessary.  Because  of  the 
significant  response  time  of  the  voltmeter,  it  indicates  a  value  which  is  proportional  to  the  spectral 
component  I(v)  of  the  periodical  laser  pulse  intensity  shape  I(Vo,t)^; 

(1) 

where  M  is  the  number  of  round  trips  (RT)  and  In,(Vo,t)  is  the  low-coherent  superposition  of  all  pulsed 
inhomogenous  broadened  optical  cavity  modes,  as  well  as  the  fine  and  hyperfine  line  structure 
components  of  the  copper  neutrals’’*.  The  brackets  mean  the  time  average.  Note  that  v  and  are  the 
RF  frequency  and  the  optical  frequency,  respectively. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
3.1  Single  color  analysis. 

The  typical  PSS  is  presented  for  each  color  (Fig.2  and  Fig.3). 


20  50  100  200  500  20  50  100  200  500 

Frequency  v  (MHz)  Frequency  v  (MHz) 


Fig.2  Green  pulse  spectmm  Pjg  3  yellow  pulse  spectrum 
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In  this  case  we  use  the  same  optical  path  first  for  the  green  pulse  and  then  for  the  yellow  one.  The 
logarithmic  scale  begins  at  20  MHz  because  of  the  22  kHz  (and  its  harmonics)  noise  source  given  by 
the  repetition  rate  of  the  pulses.  The  noise  of  the  whole  measuring  chain  was  below  20%  (arbitrary 
units).  The  main  spectrum  is  of  about  30  MHz  wide  (FWHM)  for  both  colors,  but  at  higher  excitation 
pulse  energy,  the  green  one  has  a  more  complex  structure,  also  noted  by^. 

3.2  Two  color  analysis,  green  delayed. 

The  green  pulse  propagates  along  the  longer  optical  path  2,  while  the  yellow  one  propagates  along 
the  other  way.  Our  analysis  indicates  that  the  yellow  pulse  appears  after  the  green  one.  The  delay  is  of 
the  order  of  several  nanoseconds  and  can  be  compensated  by  the  optical  path  difference.  Relevant 
results  of  the  spectral  analysis  are  given  in  fig.4,  where  Is(v)  is  the  weighted  sum  of  the  green  and 
yellow  pulses. 


We  introduce  the  following  notations: 

«(()«■ 

(2a) 

y{l) «  /.(v)*-''’ 

(2b) 

(2c) 

the  time  functions  describing  the  green,  yellow  and  sum  of  the  pulsed  intensities,  respectively,  and 
their  Fourier  images.  We  assume  also:  t=0  the  moment  when  the  green  pulse  appears;  t=Xo  the 
moment  when  the  yellow  pulse  appears;  t=T  the  delay  time  of  the  green  pulse  due  to  the  longer 
optical  path  2.  The  spectrum  of  the  compound  signal  Is(v)  is 

+  nv(T -  To)]p  (3) 

Depending  on  the  coherence  degree  of  the  PSS  (i.e.  the  time  variation  of  the  phases  (p  and  V|/  fi'om 
pulse  to  pulse),  eq.  (3)  indicates  the  possibility  to  obtain  interference  pattern  in  RF  domain. 
Theoretically,  this  kind  of  analysis  have  been  used  before  in  other  frequency  domains*®’”. 

Is(v),  a.u. 
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0  2  4  6  8  10  12 

Delay  time  (ns) 

Fig.4  Compound  (weighted  sum)  pulse  spectrum  Ig  vs.  time  delay 

When  T=Xo,  from  (3)  one  can  obtain  maximum  values  for  all  frequencies  provided  that 

^(v)  =  |^(v)-Kv')l«0  (4) 
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especially  for  low  voltages  (3-4  kV)  of  the  excitation  pulse,  when  the  pulse  shapes  are  similar. 

From  fig.4  we  conclude 

Tp  «  8  ±  1  ns  (5) 

Similar  values  are  reported  in^.  In  the  vicinities  of  Tq,  at  higher  frequencies  is  fulfilled  the  condition 

6{v)  «27tv{t-T^)  (6) 

and,  consequently,  from  (3),  the  maxima  are  sharper. 

3.3  Two  color  analysis,  yellow  delayed 

The  yellow  pulse  propagates  along  the  longer  optical  path  2  and  this  delay  time  x  is  additional  to  the 
initial  delay  Xq  ;  consequently,  we  may  achieve  a  delay  time  as  long  as  the  time  separation  between  the 
pulses. 


Fig.5  Compound  signal  spectrum  Ij  for  an  entire  delay  time  x+Xo»25  ns; 
dashed  line;  the  missing  maximum. 


Unlike  the  previous  case,  maximum  values  are  obtained  for  well-defined  frequencies;  from  (3),  these 
are  given  by 

q>{y)  -  y/iy)  +  Invij  +  Tg)  =  (2n  +  l);r  (7) 

where  n  is  an  integer.  The  greater  the  values  of  x+Xq,  the  smaller  the  influence  of  the  value  of  (p-v;/,  but 
the  smaller  the  spectral  components.  At  high  values  of  x+Xq,  (7)  become 

2/rv(T  +  Tp)  «  (2n  +  l);r  (8) 

The  maxima  and  minima  are  separated  by  a  frequency  interval  Av 


Av  = 


1 

2(r  +  rp) 


(9) 


For  an  entire  delay  time  of  25  ns,  eq.  (9)  gives  Av«20  MHz  which  “modulates”  the  interference  RF 
pattern  from  fig.  5;  consequently,  there  are  several  visible  peaks.  As  shown  in  Figs.  2  and  3,  these 
spectral  components  do  really  exist  (this  is  not  obvious  for  the  240  MHz  component  of  the  yellow 
pulse)  in  the  individual  spectra.  In  the  range  of  approx.  120  MHz,  the  RF  coherent  modulation  is 
reduced  (dashed  line  in  Fig.5),  and  this  might  be  the  result  of  the  incoherence  of  the  beating  frequencies 
of  the  laser  modes  in  the  successive  optical  laser  pulses.  This  supposition  is  sustained  by  the  fact  that 
the  123  MHz  frequency  corresponds  to  the  c/(2L)  frequency  shift  of  the  longitudinal  modes  of  our 
optical  cavity  (L=1.22  m,  c«310*  m/s);  modifying  L,  we  observe  that  the  position  of  the  reduced 
components  also  modifies.  In  addition  to  the  pulsed  modulation,  the  beating  mode  frequency  produces 
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an  incoherent  modulation  which  affects  the  optical  carriers.  Whichever  the  color,  the  frequency  shift 
between  the  longitudinal  modes  of  the  optical  cavity  is  the  same  and  this  induces  a  certain  degree  of 
incoherence  between  the  modulated  pulses. 

4.  CONCLUSIONS 

We  presented  here  a  simple  method  to  perform  spectral  studies  on  a  pulsed  CuBr  laser.  The  method 
offers  information  about  the  green  and  yellow  pulse  shape  spectra,  the  time  delay  between  the  green 
and  yellow  pulses,  as  well  as  about  the  presence  of  the  highest  spectral  components  in  both  color  laser 
shape  pulses.  Despite  the  overlapping  of  the  optical  modes  of  a  pulsed  copper  laser®,  the  spectrum  of 
the  time-separated  pulse  shapes  qualitatively  depends  on  the  shift  frequency  of  the  longitudinal  modes 
of  the  optical  cavity. 
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ABSTRACT 


In  order  to  describe  the  transversal  mode  construction  in  a  real  laser  resonator,  a  mathematical 
model  was  investigated.  The  analysis  use  Kirckhoff-Fresnel  diffraction  equation  and  amplification 
processes  in  the  active  medium,  that  was  supposed  as  sum  of  thin  discs  with  gain  and  losses  constants  on 
every  disc's  length.  Influence  of  additional  phenomenon  on  laser  beam  characteristics,  as  phase-shift 
caused  by  active  medium  thermal  induced  refractive  power  and  curvature  of  the  resonator  mirrors  were 
considered. 

Keywords:  stable  resonator,  Kirchhoff  diffraction  equation,  thermal  induced  effects. 


1.  INTRODUCTION 


Thermal  effects  in  a  laser  active  media  are  result  of  combination  of  heat  generation  due  to  pump 
radiation  absorption  and  heat  flow  to  cooling  processes.  These  leads  to  a  nonuniform  temperature  in  the 
medium  and  radial  variation  of  the  refraction  index.  The  principal  distortions  that  arise  are  thermal  lensing 
and  thermally  induced  birefringence;  in  addition,  optical  distortions  can  be  result  of  an  elongation  and 
bending  of  the  medium.  A  rod  active  medium  in  which  generation  of  heat  is  uniform  and  heat  flow  is 
radial,  becomes  as  a  thick  lens  with  refractive  power  of  D,  proportional  with  the  pump  power. 


Mirror  Mj  Active  Medium  Mirror  Mj 


Fig.  1  Spherical  resonator  with  the  lenslike  active  medium. 


70 


SPIE  Vol.  3405  •  0277-786Xy98/$10.00 


^;  =  1  -  W  +  ij =1,2  i*j  and  length  i-'  -  rf,  +  ^4  “ .  It  can  operate  in  two  stability  zones , 


placed  symmetrical  in  gj*g2*  plane,  with  the  same  width  AD  in  terms  of  rod's  refractive  power.  Inside 
the  resonator  the  beam  propagation  can  be  obtained  starting  from  the  known  beam-sizes  on  the  mirrors 
and  using  ABCD-matrix  formalism.  Relation  between  stability  width  and  laser  output  power  is  in  inverse 
proportion:  then  a  higher  output  power  can  be  obtain  on  a  narrow  stability  range.  A  similar  relation  holds 

for  the  output  power  and  the  laser  beam  maximum  parameter-product^'^.  However,  this  restriction  relates 
only  the  worst  beam  quality  to  a  relative  range  of  output  power.  Theoretically,  high  output  power  and 
beam-quality  can  be  simultaneously  obtained  if  the  resonator  is  near  to  a  limit  of  zone  stability.  The 
experimental  results  presented  tiU  now  don't  prove  these  assumptions  and  the  model  presented  below  can 
be  used  to  explain  that. 


2.  RESONATOR  MODEL  AND  NUMERICAL  SIMULATIONS 


In  order  to  find  the  active  medium  properties  influence  on  the  laser  resonator  transversal  mode 
distribution  a  numerical  model  was  investigated;  the  resonator  sketch  is  presented  in  Fig.  2. 


OUTPUT  MIROR 
P.,R(%) 


ACTIVE  MEDIUM 
D 


REAR  MIROR 
Pj,100% 


Fig.  2  Resonator  model  used  to  calculate  the  near-field  laser  beam  characteristics. 


For  intervals  between  resonator's  mirrors  and  active  medium  principal  planes  the  electric  fields 
(here  denote  by  U  — >  U. )  are  related  by  a  Fresnel  integral: 

Si  D 

ik  t 

(1) 

The  field  reflection  on  the  resonator's  mirrors  was  described  by: 

(2) 

with  R  the  mirror's  reflectivity  and  a  term  that  take  into  account  the  phase  shift  induced  by  the 

mirror's  radius  of  curvature.  The  active  medium  of  length  /  was  divided  in  discs  with  small-signal  gain 

and  losses  equals  on  every  discs*^^’^^  (Fig.  3),  with  amplification  of  the  electric  field  from  disc  to  disc 
described  by: 
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Here,  the  signal  gain  g,  was  recalculated  at  every  active  medium  transit  considering  the  local  field  as  sum 
of  the  counter  propagating  waves; 


go 

The  output  beam  power  was  obtained  by  relation: 

A 

and  the  parameters  of  the  laser  beam,  spot-size  w„  and 
content  for  rectangular  and  86.5%  for  circular  geometry. 


(4) 

(5) 

divergence  were  defined  by  90%  power 


Fig.  3  Model  used  to  describe  the  field  amplification  in  the  active  medium. 

By  numerical  simulations  we  find  the  active  medium  should  be  split  in  20  discs  for  a  value  of 
small-signal  gain  g^l  less  than  4;  the  field  was  proper  described  for  4<  <8  when  50  discs  were  used 

to  approximate  the  active  medium.  Considering  only  the  refractive  index  temperature-dependent  change, 
for  a  Im  plane-plane  resonator  the  laser  beam  characteristics  are  presented  in  Fig.  4.  Refractive  powers  of 
the  Nd:YAG  (f=5  mm)  medium  near  the  critical  points  of  stability  zones  and  in  the  middle  of  that  were 

considered  at  small-signal  gain  gol=3  and  losses  aj  =0.05.  At  values  of  thermally  induced  refractive 
power  D  near  zero,  the  resonator  mode  is  a  Gaussian  one,  characterized  by  a  low  beam-parameter- 
product  and  smooth  phase.  If  the  resonator  moves  inside  the  stability  zone,  the  near-field  beam 
distribution  change  to  multimode  operation:  an  increase  of  output  power  was  obtained  but  at  a  lower 
value  of  the  beam  quality.  Near  the  next  refractive  power  critical  point  the  laser  beam's  power  decrease, 
the  beam  quality  gets  poorer  and  poorer  and  the  resonator  will  pass  in  the  unstable  region. 
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D=0.01m-’  Po„,=104W  D=0.4m-'  Pou,=l93W  D=0.9m-’  Peut=170W 

w„=1.16mm  w„=1.33mm  w„=2.16mm 


Fig.  4  Near-field  (up),  far-field  intensity  distributions  (middle)  and  phase  distribution  (down)  for  a  Nd:YAG 
medium  ((|)=5  mm)  placed  in  a  1  m  resonator's  length.  The  active  medium  was  characterized  by  a  small- 
signal  gain  of  3  and  losses  of  0.05,  and  different  values  of  the  thermally  induced  refractive  power  D  were 
considered  (from  left  to  right). 

In  conclusion,  a  model  that  considers  the  Kirckhoff-Fresnel  diffraction  equation  pd 
amplification  processes  in  the  active  medium  was  used  to  describe  the  transversal  mode  construction  in  a 
real  laser  resonator.  Additional  phenomenon,  as  active  medium  spherical  aberrations^'^^,  thermal  induced 
birefringence,  gain  distribution  can  be  easily  considered. 
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ABSTRACT 

High  power  pulsed  laser  diodes  are  of  interest  due  to  their  potential  use  in  medicine  and  peculiar  applications. 

This  paper  presents  failure  analysis  for  catastrophic  damage  in  GaAs/ AlGaAs  LOC  pulsed  laser  devices.  There  is  presented 
feilure  decrease  of  optical  power  as  Ig  (P/Po)  =  f(t)  where  Po  is  initial  power,  P  actual  power,  t-operating  time.  The  damaged 
devices  were  investigated  by  optical  and  scanning  electron  microscopy  (SEM)  and  there  was  performed  a  electron  dispersion 
spectroscopy  (EDS)  analysisThese  experiments  advanced  the  idea  of  dividing  catastrophic  degradation  in  three  types, 
respectively:  1-catastrophic  optical  mirror  damage  (COMD),  2-  catastrophic  damage  due  to  major  mechanic  defects 
(CDMMD)  ,  3-catastrophic  damage  due  to  metal  migration  (e.g.  Au)  (CDMM).  There  was  established  an  experimental 
criterion  to  characterise  catastrophic  damage. 

keywords:  pulsed  laser  diodes,  failure  analysis,  catastrophic  degradation,  SEM  and  EDS  analysis 


2.  INTRODUCTION 

The  ability  to  fabricate  high  performance  laser  diodes  with  active  regions  close  to  semiconductor  surface  is  a 
purpose  for  quantum  well  devices  and  optoelectronic  integrated  circuits. 

For  a  reli^le  application  the  first  problem  to  overcome  is  the  degradation  process.  The  degradation  of 
heterostructure  lasers  can  be  divided  into  three  types  according  to  operation  time:  a-catastrophic  degradation;  b-rapid 
degradation;  c-gradual  degradation.  This  paper  presents  feilure  analysis  on  catastrophic  damage  for  LOC  structure 
GaAs/ AlGaAs  pulsed  laser  devices  with  a  heterostructure  design  grown  by  normal  high  temperature  liquid  phase  epitaxy 

(LPE)- 

The  early  observations  of  70’ s  suggested  that  catastrophic  feilure  of  injection  lasers  is  associated  with  optical  power 
density  at  mirrors  which  results  in  an  abrupt  and  large  temperature  increase  that  is  sufficient  to  cause  localised  melting. 

The  experiments  were  carried  on  exclusively  on  pulsed  operation  laser  diodes,  and  that  is  the  reason  for  the 
absence  of  data  concerning  continues  wave  (cw)  operation,  and  degradation  effects  on  rapid  and  gradual  degradation. 

Qualitatively,  the  emission  may  be  considered  to  result  fi*om  a  number  of  filaments,  each  of  them  with  its  own 
threshold  and  current  density.  For  damaged  lasers,  there  is  no  emission  uniformity  and  at  threshold  the  filament  with  the 
lowest  current  density  Jth  starts  to  lase.  As  current  is  increased,  other  filaments  lase  and  optical  distribution  ceases  to  change 
markedly  after  the  last  filament  is  above  its  threshold. 

There  are  presented  output  power  decrease  curves  for  devices  with  uncoated  and  dielectric  coated  mirrors,  SEM 
images,  optical  registered  image  and  EDS  spectrum  for  laser  devices  that  operated  at  room  temperature  in  normal 
environmental  conditions.  The  interest  to  study  catastrophic  degradation  mechanisms  is  related  to  improving  the  high 
power  laser  diodes  lifetime. 

There  were  identified  three  kinds  of  catastrophic  feilure  as  there  are  proposed:  1-  COMD^;  2-catastrophic  damage 
due  to  major  mechanic  defects  (CDMMD),  3-catastrophic  damage  due  to  metal  migration  (CDMM). 

3.  EXPERIMENTAL 

The  experiments  were  carried  on  pulsed  heterostructure  lasers  of  GaAs/ AlGaAs  LOC  design  grown  by  LPE  at  high 
temperature  (starting  growth  temperature  procedure  :  800  ®C  ).  The  principal  characteristic  of  a  LOC  device  is  that  the 
waveguide  region  is  divided  into  a  very  thin  recombination  region  of  0.1pm  called  active  region  (p-GaAs)  and  a  relatively 
thick  passive  region  of  n-Alo.05Gao.95  As  or  n-GaAs  where  the  optic  field  is  spreading,  called  passive  region.  The  structure 


SPIE  Vol.  3405  •  0277-786X/98/$10.00 


75 


and  the  propagation  condition  of  electromagnetic  field  is  influenced  by  refractive  index  steps  in  waveguide  (  nGaAK=3.590, 
nAiGaA8“3.554  ).  The  MESA  stripe  width  obtained  by  chemical  etching  was  225  pm.  The  epilayer  structure  thickness 
including  cap  layer  was  20  pm,  where  the  waveguide  thickness  was  around  2  pm.  The  p-side  metallization  and  the  metal 
thickness  were  as  following;  Cr:  0.02  pm  /  Au:  0.26  pm  /  Ag:  0.048  pm  /  Au:  0.065  pm  /  In  :  3  pm.  The  n-side 
metallization  and  metal  thickness  were  :  Au:  0.065  pm  /  Au-Ge:  0.33  pm  /  Ag:  0.48  pm  /  Ad:  0.065  pm  /  In:  3pm.  The  Au 
wires  were  bonded  using  an  In  based  solder.  The  whole  device  was  hermetically  packed  in  N2  atmosphere.  Laser  diodes  with 
cleaved  uncoated  and  coated  dielectric  mirrors  fabricated  in  the  same  technological  process  were  studied.  The  dielectric 
coating  had  the  layers  structure  and  refractive  indexes  as  follows:  antireflecting  coating  on  front  mirror:  AI2O3  -  3  X/8 
(2086  A),  with  ni=1.63;  reflecting  coating  AI2Q3-  A./4  (  2  780  A ) ,  or  a  multilayer  structure  of  AI2O3  (  1  356  A )/  a-Si  (  565 
A  )/  AI2O3  (  1  356  A  )/a-Si  (565  A)/  AI2O3  (  1356  A  )  with  ni=  1.63  and  n2“  3.95. 

The  operating  conditions  for  laser  diodes  at  room  temperature  were:  forward  current  If  =  30  A,  forward  voltage  Uf= 
(  6-7  )  V,  fill  factor  ff=  (  10’^- 10’^  )  range  until  laser  failed.The  main  optoelectronic  parameters  were  investigated  during 
experiment  i.e:  I-V  curve  shape,  output  optical  power  Pout,,  emission  uniformity,  general  feature  of  front  mirror. 
Catastrophic  failure  had  been  recognised  as  a  drop  in  output  power  by  more  than  50%  during  24  hours  operating  time  as 
proposed  in  literature  for  continuous  wave  (cw)  devices^.  The  degraded  diodes  were  investigated  by  SEM  facilities  in  a 
Philips  515  system  and  by  EDS  in  a  PV  9900  detection  system. 

4,  RESULTS  AND  DISCUSSION 

Investigated  devices  had  at  the  starting  operating  time  a  uniform  emission  pattern  in  transversal  junction  plane  as 
can  be  observed  in  Fig.  1 


Fig.l  Farfield  uniform  emission  pattern 

During  operation,  the  presence  of  degradation  mechanisms  causes  major  change  of  emission  uniformity  as  can  be  observed 
in  Fig.2 


Fig.  2  Degraded  farfield  emission  pattern 
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Sometimes,  this  farfield  change  does  not  affect  the  I- V  characteristic,  so  laser  devices  remain  good  electric  diodes  even  with 
the  drop  of  optical  power. 

In  Fig.3  there  are  presented  degradation  curves  Ig  ( P/Po )  versus  operating  time  t,  where  P  represents  actual  power 
and  Po  the  initial  one,  so  there  is  a  relative  decrease  of  output  power  for  different  laser  diodes  febricated  in  the  same 
technology.  These  devices  presents  a  catastrophic  failure  regarding  the  conditions  for  output  power  drop. 


— 15A2(1) 


Fig.3  Decrease  of  optical  power  output  during  operation-catastrophic  failure 

The  catastrophic  degradation  is  caused  by  three  mechanisms  as  we  identified:  catastrophic  optical  mirror  damage  (COMD), 
catastrophic  damage  due  to  major  mechanic  defect,  catastrophic  damage  due  to  metal  migration.  The  first  and  unpredictable 
mechanism  that  appeared  during  operation  is  COMD  of  laser  diode  .The  general  external  feature  is  the  presence  of  a  melted 
area  as  can  be  noticed  in  Fig.4. 


Fig.4  COMD  area  on  pulsed  laser  diode  front  mirror 
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Before  COMD  the  diodes  had  a  good  quality  front  mirror  and  a  multimode  emission  pattern.  After  COMD  on  the  whole 
mirror  surface  can  be  observed  ‘  burn-in-phase’  areas  due  to  crystal  overheating.  In  low  duty  cycle  (  10*^  )  the  device 
operated  for  few  hours  and  as  is  presented  in  Fig. 3  such  a  drop  is  announced  by  the  presence  of  a  slope  less  than:  -  0.025  h“\ 
The  mechanism  that  leads  to  the  occurrence  of  COMD  is  not  well  understood  and  the  drop  in  output  power  seems  to  take 
place  without  any  obvious  forewarnings^.  The  degradation  process  has  microscopic  origins  not  always  well  known^.  and  in 
the  literature^  the  thermal  model  attributed  the  heat  source  to  the  ^sorption  of  laser  light  inside  catastrophic  damaged  area. 

Catastrophic  failure  due  to  major  mechanic  defects  on  mirror  surface  such  as  cracks  can  be  observed  in  Fig.5. 


Fig.5  Major  mechanic  defect  on  front  mirror  surface 

This  feilure  is  related  with  power  decrease  curve  from  Fig.  3, the  presence  of  a  device  whose  power  decrease  curve  slope 
is  in  the  (  -  0.025  -  -0.015  )  h"^  range  (  e.g.  45  (4a)  device  ).  In  this  experiment  for  studied  devices  there  was  not  performed 
a  heat  management. 

The  last  device  on  Fig.3  curves  ( i.e.  25(1)  )  had  different  slope  changes  in  power  decrease  curve  with  peculiar 
aspect  that  the  first  one  is  greater  than  -  0.015  h’V  This  device  is  susceptible  to  present  catastrophic  failure  due  to  metal 
migration  from  p-side  metallization^.  The  EDS  spectrum  for  such  kind  of  mechanism  is  presented  in  Fig.  6.  The  device  with 
an  index-sample  C  was  exposed  to  EDS  analysis  after  it  operated  at  room  temperature  over  200  hours  in  a  duty  cycle  of  1 0^. 
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Fig.  6  EDS  spectrum  for  a  catastrophic  failed  device 

The  spectrum  shows  the  existence  of  two  areas  of  laser  structure,  where  there  are  located  two  analysing  points  called  upper 
and  bottom  areas  starting  from  faced  surface.  The  initial  contact  annealing  do  not  permit  a  mixture  between  metal  layers, 
but  as  can  be  observed  there  exists  a  signal  of  Ag  (La),  Cr(Ka),  Au(Ma)  lines  from  a  0.7pm  depth.  During  operating  time 
occurred  a  diffusion  of  these  elements  (  e.g.  Ag  is  no  longer  a  barrier  for  Au  migration  )  from  contact  layer.  Gold  (Au) 
presence  was  predicted  in  literature^  and  our  analysis  revealed  metal  migration  from  contact  layer. 

There  was  also  studied  the  influence  of  dielectric  coating  on  catastrophic  degradation  with  a  special  accent  on 
COMD  one.  In  Fig.  7  there  is  presented  the  degradation  curve  for  a  device  with  protected  mirrors,  and  as  can  be  observed 
there  exists  slow  slope  changes  for  Ig  ( P/Po )  vs.  time  decrease  regarding  graphic  scale.  These  observations  suggest  that  for 
the  present  moment  only  dielectric  coatings  can  be  a  way  to  overcome  catastrophic  and  rapid  degradation  phenomena. 
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Fig.  7  Optical  power  decrease  curve  for  dielectric  coated  mirrors 

5*  FINAL  REMARKS 

In  the  experiments  carried  on  pulsed  heterostructure  laser  diodes  was  studied  the  occurrence  of  catastrophic 
degradation  process.  There  were  identified  three  types  of  catastrophic  failure  with  their  general  features  as  follows: 

1-  catastrophic  optical  mirror  damage  (COMD)  -  general  presence  of  melted  and  ‘bum-in-phase’  areas  on  front  mirror, 
accompanied  by  a  slope  less  than  :  -  0.025  h‘^  on  relative  optical  power  decrease  curves 

2-  catastrophic  damage  due  to  major  mechanic  defects  (CDMMD)-  general  presence  of  cracks  that  intersects  the  inner 
active  region,  accompanied  by  a  slope  in  (  -  0.025-  -0.015)  h‘*  range  on  power  decrease  curve 

3-  catastrophic  damage  due  to  metal  migration  (CDMM)  -  (e  g  Au)  from  p-side  metallization  during  operation, 
accompanied  by  a  first  slope  greater  than:  -  0.015  h'*  on  power  decrease  curve 

For  catastrophic  failure  caused  by  metal  migration  a  EDS  analysis  on  the  device  front  mirror  was  performed  with  a 
special  interest  for  Au  diffusion  depth.  This  is  an  original  experimental  contribution  to  explain  catastrophic  damage 
mechanism.  On  the  traditional  experience,  the  dielectric  coating  remains  a  protection  against  degradation  mechanisms. 

These  results  have  a  certain  qualitative  importance  for  passivation  surface  problem  and  contact  armealing  for 
optoelectronic  integrated  circuits  ( OEIC’s). 
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ABSTRACT 

We  have  developed  a  laser-diode  pump  system  for  continuous-wave  (CW)  end-pumping  of  Nd:YAG  lasers.  The  pump 
system  includes  a  pair  of  1  W  diode-arrays  mounted  in  coaxial  enclosures,  a  driver  unit  and  the  pump  optics.  The  array 
wavelength  was  temperature  tuned  to  achieve  the  maximum  absorption  of  the  pump  radiation  in  the  Nd:  YAG  crystal.  The 
characteristics  of  the  pump  system  are  presented  and  the  pump-beam  profile  is  investigated. 

Keywords:  diode-arrays,  end-pumping,  NdrYAG. 


1.WTRODUCTION 

In  this  paper,  we  report  the  performance  of  a  CW  diode-array  pump  system  developed  for  longitudinal  pumping  of 
Nd:  YAG  lasers.  The  driver  unit  provides  the  supply  currents  and  a  full  thermoelectric  cooling  control  for  the  both  arrays.  Die 
beam  emitted  fi:om  the  arrays  are  collimated,  overlapped  ttirough  a  polarizing  beam  splitter  cube  and  focused  in  a  pump 
spot.  Die  focused  pump  beam  was  investigated  with  a  laser  beam  analyser  .  A  method  for  the  temperature  tuning  of  the 
emission  spectrum  of  the  arrays  to  the  absorption  maximum  at  808  nm  of  Nd:YAG  is  described.  Die  pump  system 
operation  was  tested  using  a  common  Nd:  YAG  rod  made  for  flash-pumped  operation. 

2.  EXPERIMENTAL  AND  RESULTS 

The  experimental  setup  is  shown  in  Fig.  1.  Die  pump  laser  consists  of  two  IW  CW  diode  arrays  mounted  in  coaxial 
enclosures^,  which  preserve  a  dry  atmo^here.  Each  array  consists  of  3  wide  stripes  with  each  aperture  of  100  pm  spaced 
100  pm.  The  divergence  of  the  beams  emitted  firom  the  arrays  are  10^  FWHM  for  the  horizontal  component  (the  parallel 
component  to  the  junction)  and  39®  FWHM  for  the  vertical  component.  The  arrays  arc  mounted  on  a  cooper  heatsink 
attached  to  a  thermoelectric  cooler  equipped  with  a  water  cooling  heat  exchan^. 

The  driver  unit^  provides  the  continuous-adjustable  DC  currents  and  a  flail  thermoelectric  cooling  control  for  the  both 
arrays.  It  also  includes  tiie  diode-protection  and  overcuirent-  limit  circuits.  Die  main  driver  features  include: 

i) .  Operating  current : 

-  Max.  6  A  for  each  array: 

-  Lane  regulation :  Max.  1%  at  nominal  load; 

-  Ripple  and  noise,  p-p,  15  MHz  bandwidth :  Max.  1%  . 

ii) .  Temperature  control : 

-  Set  point  range :  10  -  45®C ; 

-  Resolution :  0.1®C  . 

iii) .  Power :  90-260  VAC. 

The  diode  output  beams  are  partially  collimated  by  12  mm  focal  length  aspherical  lenses  having  a  numerical  aperture  (NA) 
of  0.75,  overlapped  flirough  a  polarizing  beam  splitter  cube  and  focused  with  a  15.5  mm  focal  length  aspherical  lens  in  a 
pump  spot  Using  uncoated  collimating  and  focusing  lenses,  ^approximately  68%  of  flic  diode  light  is  collected  in  the  pump 
spot.  The  size  and  the  radial  intensity  profile  of  the  pump  spot,  shown  in  Fig.  2.,  are  measured  witii  a  CCD  camera  coupled 
to  a  laser  beam  analyser.  The  image  of  the  pump  spot  was  adapted  to  the  CCD  camera  by  using  a  large  NA  microscope- 
objective,  a  convergent  lens  and  optical  attenuators.  Die  size  of  flie  pump  spot  in  flie  focal  plane  of  file  focusing  lens  was 
measured  with  a  calibrated  circular  ^erture  of 400  pm  in  diameter. 
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Fig.  1  Schematic  of  the  laser-diode  pump  system  experiment.  PBS:  polarizing  beam  splitter  cube;  O:  microscope  objective; 

L:  convergent  lens;  ATT;  optical  attenuators;  LBA;  laser  beam  analyser 

As  the  array  wavelengths  were  not  selected  for  Nd:  YAG  pumping,  it  was  necessary  to  increase  the  operating  temperature 
up  to  40^C  to  tune  the  diode  output  to  the  808  nm  absorption  peak  of  the  Nd:YAG.  We  start  testing  the  high  temperature 
operation  of  the  arrays.  The  array  output  power  versus  current  at  heatsink  temperatures  between  15  and  AO^C  is  shown  in 
Fig.  3.  Starting  with  a  slope  eflSciency  of  0.84  W/A  and  a  tirreshold  current  of  0.51  A  at  the  operating  temperature  of  15^C, 
we  obtained  0.79  W/A  slope  efficiency  and  0.6  A  threshold  current  for  40®C  array  temperature.  We  conclude  the  arrays  can 
be  used  in  this  temperature  range. 


Fig.  2  Spatial  beam  profile  of  the  pump  spot  in  the  focal  plane  of  the  focusing  lens.  XY  dimensions:  120  pixels^  400pm. 

The  emission  spectrum  of  the  arrays  was  measured  with  a  SPM-2  monochromator  equipped  with  a  infrared  grating.  The 
monochromator  was  calibrated  using  he  818.32  nm  and  819.48  nm  Na  emission  lines.  We  have  measured  the  absorption 
spectrum  of  the  Nd:  YAG  around  the  808  nm  absorption  peak  and  we  obtained  a  good  agreement  witii  other  spectra^*^.  The 
strong  absorption  peak  was  found  at  a  wavelength  of  808.75  nm  ±  0.05  nm.  The  measured  value  for  spectral  linewidlh  of  the 
arrays  was  about  2.2  nm  FWHM.  Fig.  4.  shows  tiie  absorption  spectrum  of  Nd:YAG  and  the  emission  spectrum  of  a  diode 
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array  tuned  for  maximum  absorption  in  flie  active  medium.  Finally,  a  fine  adjustment  of  the  array  wavelength  was  made 
measuring  the  maximum  absorption  of  the  diode  radiation  in  a  3  mm  thick  Nd:  YAG  crystal. 
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Fig.  3.  Output  power  versus  current  for  CW  operation  of  500  ixm  aperture  GfaAlAs  laser-diode  array  at  heatsink 

temperatures  between  15  and  40 


805  806  807  808  809  810  811  812 


1  AVELENGTH  (nm) 

Fig.  4.  Absorption  spectrum  of  Nd:  YAG  (optical  density)  and  emission  spectrum  of  laser-diode  anay  in  operation  at  the 

temperature  of  40  oC. 

Hie  pump  system  was  tested  using  a  30  mm  long  Nd:YAG  rod  made  and  coated  for  flash-pumped  operation.  One  &cet 
of  the  rod  is  high  reflecting  (HR)  at  1064  nm  wavelength  and  flie  other  rod  end  is  antireflection  coated  at  1064  nm.  The 
reflectivity  of  the  HR  fecet  for  808  nm  radiation  was  estimated  to  10%.  The  Nd:  YAG  resonant  cavity  was  formed  by  the  HR 


filcet  and  a  plane  output  minor  with  99.5%  reflection  at  1064  nm.  TTie  resonant  cavity  length  was  60  mm.  The  pump  beam 
was  focused  into  the  HR  fecet  of  the  Nd:YAG  rod  and  a  Nd:YAG  output  power  of  2.3  mW  at  1064  nm  wavelen^  was 
measured.  The  intensity  profile  of  the  Nd:  YAG  output  beam  is  shown  in  Fig.  5. 

160\ 


Fig.  5.  Beam  profile  of  the  laser-diode  array  end-pumped  Nd:YAG  laser  observed  at  the  position  120  cm  away  from  the 

output  mirror. 

3.  CONCLUSION 

Using  a  pair  of  1 W  diode-arrays  hermetically  sealed  in  coaxial  mounts,  we  have  developed  a  CW  diode  pump  system  for 
end-pumped  Nd:YAG  lasers.  The  compact  and  easy  to  operate  driver  unit  includes  two  low  noise  current  sources  and 
precise  temperature  control  of  the  arrays.  The  pump  system  can  use  high-brightness  CW  diode-arrays  having  an  output 
power  of  maximum  4W  and  an  emitting  aperture  not  longer  than  500  pm. 

The  maximum  absorption  of  the  pump  power  in  the  Nd:YAG  crystal  was  achieved  by  a  fine  adjustment  of  the  array 
emission  spectrum  around  the  808.75  nm  wavelength. 

The  laser-diode  source  should  be  incorporated  in  a  variety  of  diode-pumped  solid-state  lasers  for  scientific,  medical  and 
industrial  use. 
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Abstract 

We  have  developed  a  simple,  all  P>Tex,  60  cm  active  length  laser  tube  in  a  self-heating  geometiy*.  For  a  He  pressure  of 
20  Torr  and  a  current  of  120  ixiA,  the  laser  power  was  28  mW  on  seven  lines  h\  the  blue-green  region.  By  spectroscopic 
measurements  we  have  determined  the  influence  of  metal  vapour  presence  on  tiie  intensity  of  a  helium  line.  Some 
modifications  of  the  vapour  clouds  generated  by  a  magnetic  field  are  reported. 

Kewords:  lasers,  metal  vapours  lasers 

1.  INTRODUCTION 

Silfi^ast  and  Klein  [1,2]  have  obtained  the  first  cw  laser  oscillation  in  a  He-Se  plasma.  The  selenium  molecules  are 
broken  in  atoms  by  electron  collisions.  The  collision  between  a  selenium  atom  and  a  helium  ion  creates  the  necessary  inversion 
of  population  for  the  laser  oscillation  on  over  sixty  lines  .  The  most  powerfiil  lines  are  green,  blue  and  infi-ared.  However,  there 
are  medium  power  lines  in  the  red  region,  so  that  a  white  laser  light  can  be  generated. 

2.  EXPERIMENTAL  LASER  TUBE 

To  obtain  a  reasonable  lifetime  for  He-Se  laser  we  must  consider  the  existence  of  some  phenomena:  He  clean-up  in 
the  electrical  discharge  ( a  high  rata  phenomena  due  to  condensation  of  the  Se  vapours),  He  losses  by  diffusion  through  the  hot 
walls  of  the  capillary  tube,  cathode  sputtering  by  hea  vy  Se  ions  and  the  chemical  reaction  between  selenium  and  cathode  metal. 


850  mm 


Fig.  1.  Experimental  He  -  Se  laser  tube. 

Tube  constructions  that  overcome  partially  these  problems  were  developed  by  many  authors  [3,4].  All  of  them  use  a 
quartz  capillary  to  withstand  the  high  wall  temperature  of  the  about  300  mA  laser  discharge.  A  first  He-Se  Pyrex  laser  tube  that 
we  have  developed,  was  presented  in  a  previous  report  [5]. 

Fig.  1  presents  the  laser  tube  used  in  our  experiments.  A  36  mm  diameter  glass  mantle  surrounds  the  2  mm  ID 
discharge  capillary  so  that  the  wall  in  contact  with  the  atmosphere  has  a  temperature  under  80  and  the  permeability  of  gjass 
is  lovj  enough.  A  selenium  container  is  placed  near  the  anode.  Inside  this  container  there  is  a  small  piece  of  capillary.  The 
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discharge  current  passing  through  that  piece  increases  the  metal  temperature  to  the  necessary  value  for  tlie  evaporation  process. 
The  maximum  safe  current  for  our  2  mm  P>Tex  capillar\'  is  150  mA.  In  this  case  the  corresponding  helium  pressure  must  be 
iiigher  than  that  reported  by  other  authors.  So,  we  have  found  the  optimum  helium  pressure  value  in  the  (15  -  20)  Torr  range. 
For  pressure  values  higher  than  20  Torr,  the  optimum  current  was  too  low  so  that  some  metal  deposition  on  capillai>’  appears. 
Therefore  tlie  discharge  parameters  in  our  laser  tube  were  :  20  Torr  for  the  helium  pressure,  120  mA  for  the  discharge 
cuirent.The  laser  resonator  consists  of  two  mirrors  each  two  meters  radius  of  curvature,  dielectrically  coated  for  the 
(450  -  550)  nm  spectral  range.  One  mirror  was  full  reflecting  and  the  other  has  a  transmission  coefficient  about  2%.  A 
maximum  power  of  28  mW  was  measured  on  seven  simultaneous  laser  radiation.  For  a  set  of  full  reflecting  mirrors  the 
oscillation  was  established  on  twelve  wavelengths.  A  standard  He-Ne  laser  mirrors  set  was  also  used  and  we  have  obtained 
laser  oscillation  on  644  nm  and  649  nm  lines,  with  1  mW  power  for  each  of  them. 

For  the  described  tube  we  have  measured  the  influence  of  the  magnetic  field  on  some  selenium  spectral  lines  by 
spectroscopic  methods.  Tlie  measurements  were  made  on  lateral  emitted  light  by  two  regions  of  the  laser  tube  (Fig.l).  We 
denote  as  “A'  tlie  region  localised  in  the  metal  resen^oir,  between  tlie  end  of  the  short  capillaiy^  and  the  fi:ont  of  the  long 
capillary.  Tliat  is  tlie  place  where  the  selenium  vapours  enter  in  the  discharge,  the  molecules  are  broken  and  the  atoms  are 
ionised.  V/hen  the  discharge  is  on,  a  blue-green  colour  of  that  region  points  out  that  the  metal  vapours  are  present  in  the 
discharge.  We  denote  as  “B'’  a  region  of  the  long  capillary  where  the  condition  for  population  inversion  is  obtained.  From  our 
spech  oscopic  measuiements  we  have  obtained  some  information  about  the  influence  of  selenium  vapours  presence  on  heHum 
plasma  parameters  and  the  perturbation  induced  by  a  magnetic  field  on  the  vapour  cloud.  Spectral  apparatus  consists  of  a 
grating  monochromator  mth  0.1  nm  resolution,  an  EMI  9558  QB  photomultiplier  and  a  photon  counting  detection  electronics. 

Because  of  our  self-heating  geometry  we  must  be  carefully  regarding  to  the  existence  of  the  connection  between  the 
discharge  current  and  the  metal  vapours  pressure.  So,  we  must  be  sure  that  our  measurements  were  made  for  a  specified 
vapour  density  corresponding  to  a  discharge  current  value  I.  We  have  measured  in  the  region  “A”  the  influence  of  the 
discharge  current  on  the  intensity  of  the  501.5  nm  helium  line  which  has  the  metastable  2^S  as  final  level.  The  measurements 
were  made  with  and  without  vapours  (Fig. 2).  Curve  (a)  is  obtained  in  the  absence  of  the  selenium  vapours.  Curve  (b)  is 
obtained  for  a  vapour  pressure  corresponding  to  I  =  120  mA  and  curv^'e  (c)  is  obtained  when  additionally,  the  magnetic  field  is 
applied.  The  behaviour  shows  that  when  the  \'apouTS  are  present  in  the  discharge,  the  electron  temperature  decreases.  The 
action  of  tlie  applied  magnetic  field  is  to  increase  the  selenium  vapours  density  in  the  discharge  plasma. 
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Fig.  2.  Dependence  of  the  501.5  nm  helium  atom  line  intensity  on  discharge  current. 

Curve  “a’"  shows  the  case  when  selenium  vapours  are  not  present, 

"‘b”  is  obtained  when  the  heating  current  is  I  -  120  mA  and 
'“c"’  when  additionally,  a  magnetic  field  is  applied. 

The  influence  of  the  magnetic  field  intensit^^  on  the  selenium  ion  density  is  shown  in  Fig.  3,  where  I)  is  the  measured 
intensity  of 499.3  nm  selenium  ion  line  and  r  is  the  distance  betv^'^een  the  tube  axis  and  the  magnet.  The  applied  magnetic  field 
in  the  '“B’"  region  has  almost  no  effect. 
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Fig.  3.  Dependence  of  the  499.3  nm  line  intensity  on  distance  r  between 
tube  axis  and  magnet. 
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Fig.  4.  Dependence  of  two  selenium  ion  line  intensities  (530.5  nm 

and  499.2  nm)  on  discharge  current  \\dthout  ( cux\^es  "'a”  and  “b’") 
and  with,  applied  magnetic  field  ( curves  ’“c”  and  “d"")- 

Fig.  4  shows  the  behaviour  of  two  selenium  ion  laser  lines  when  the  discharge  current  increases.  The  cur\^es  “a”  and 
"V  are  for  530.5  nm  and  499.3  nm,  respectively,  without  magnetic  field,  and  “c”  and  “d”  are  for  the  same  lines  but  with 
applied  magnetic  field  on  the  laser  tube.  For  low  current  region  the  line  intensity  increases  linearly,  but  for  higher  currents  the 
growing  is  much  abrupt  due  to  the  higher  vapour  density.  The  magnetic  field  influence  on  laser  output  was  also  observed  [5]. 

For  a  steady  state  of  the  tube  operation  -  a  w^ell  defined  current  and  metal  temperature  -  a  stable  plasma  region  exists  in 
the  region  of  flie  tube.  We  have  detemiined,  by  spectroscopic  measurements  that  the  vapour  content  of  that  region 
consists  mainly  of  selenium  ions.  Also,  there  are  selenium  molecules  and  atoms  but  in  much  smaller  quantities  (Fig.5). 

The  magnetic  field  is  effective  when  it  is  directed  perpendicularly  to  the  Uibe  axis  (Fig.  1).  The  density  of  selemum  ions 
is  not  unifomi  around  tlie  tube  axis;  it  is  higher  in  tlie  region  between  the  surface  of  the  metal  and  flie  tube  axis.  \A'Tien  they 
move  to  enter  in  the  main  capillary,  the  Lorenz  force  acts  on  them  so  that  other  vapours  can  lift  firom  the  metal  surface.  In  this 
new  steady  state  the  ions  are  pumped  more  efficiently  in  the  discharge. 
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Fig.  5.  Dependence  of  die  line  intensity  of  tlie  selenium  species  on 
discharge  current;  a)  -  for  473. 1  nm  of  selenium  atom, 
b)  -  for  487.8  nm  of  selenium  molecule  and  c)  -  for  499.3  nm  of  selenium  ion 


3.  CONCLtTSIONS 

We  hav'^e  developed  our  own  He-Se  laser  of  medium  pow'^er.  Because  of  the  Pyrex  capillary  we  used,  the  current  must 
not  exceed  1 50  mA.  As  a  consequence  we  have  experimented  unusually  high  helium  pressure  range  and  have  concluded  that 
for  the  sealed-off  tube  a  convenient  laser  operation  is  obtained  w^hen  helium  pressure  is  20  Ton  and  discharge  cunent  is  about 
120  mA.  For  an  active  length  of  60  cm  and  2  mm  I.D.  the  maximum  laser  power  was  28  mW  on  seven  green  and  blue 
siniultaneous  laser  lines  . 

Spectroscopic  measurements  show^ed  that  the  dominant  component  of  metal  vapours  in  the  discharge  plasma  is  the 
ions.  A  magnetic  field  is  very  effective  to  compel  the  selenium  vapours  to  come  in  the  main  capillary'  where  the  population 
inversion  appeal's. 

In  some  preliminary  experiments  we  have  observed  that  the  plasma  developed  in  the  metal  reservoir  absorbs  tlie  laser 
radiation. 
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ABSTRACT 

The  paper  discusses  the  effect  of  pump  intensity  variations  caused  by  absorption  in  a  fiber  system  with 
upconversion  avalanche  fluorescence  or  laser  emission.  The  numerical  modelling  shows  that  in  given  pump 
conditions  the  initial  part  of  the  fiber  (up  to  a  distance  Zth)  is  pumped  above  the  avalanche  threshold  while  the 
remaining  part  lies  below  it.  This  induces  a  strong  variation  of  populations  of  the  excited  levels  along  the  fiber.  The 
characteristics  of  the  avalanche  emission  are  connected  to  the  spectroscopic  parameters  of  the  system  and  to  the 
conditions  of  pump.  It  is  also  shown  that  the  features  of  the  global  luminescence  emission  at  the  end  of  fiber  depend 
strongly  on  the  fiber  length  for  the  short  fibres  (L  <  Zth  )  but  for  the  long  ones  this  dependence  diminishes;  thus  the 
avalanche  emission  of  a  long  fiber  could  be  different  from  that  predicted  by  a  constant  rate  modelling.  The  effect  of 
distribution  of  local  pump  intensities  on  laser  emission  in  avalanche-drive  upconversion  fiber  lasers  is  also  discussed. 

Keywords:  photon  avalanche,  upconversion,  fiber  lasers. 

!•  INTRODUCTION 


Recent  studies  show  that  the  photon  avalanche  processes  in  simply  activated  (references  in  the  review 
papers^’^ )  or  in  sensitized  systems^  could  be  an  efficient  driving  mechanism  for  upconversion  excitation  of  the  high 
energy  levels  of  rare  earth  ions  in  crystals  or  glasses  under  the  excited  state  absorption  (ESA)  of  cw  infirared  pump 
radiation.  The  mathematical  modelling  of  the  process  is  made  by  numerical  or  analytical  (where  possible)  solution  of 
the  system  of  rate  equations  for  the  evolution  of  populations  of  the  energy  levels  involved  in  the  process;  generally 
this  modelling  assumes  constant  cw  R2  rates  in  all  the  points  of  the  sample.  The  experimental  data  and  the  rate 
equation  modelling  show  that  an  important  condition  for  photon  avalanche  is  a  R2  rate  larger  than  a  threshold  value 
R2th  and  that  the  temporal  evolutions  of  the  populations  and  their  stationary  values  at  long  times  after  the  on-set  of 
pump  have  specific  and  strong  dependencies  on  these  differences  manifest  differently  for  pump  rates  below, 
around  or  above  threshold. 

The  pump  rate  R2  is  determined  by  the  absorbed  pump  radiation  intensity  (power  density)  according  to  the 


relation  R2  = 


02  where  /j  v  is  the  pump  quantum  and  02  is  the  ESA  cross-section.  The  pump  radiation  could 


be  also  absorbed  by  a  non-resonant  ground  state  absorption  (GSA)/?|  =  ^  whose  cross-section  ai  is  much 

smaller  (~10"^  -  10'^)  than  that  of  ESA  Due  to  these  two  absorption  processes  the  pump  intensity  1  could  change 
along  the  path  inside  the  active  medium,  especially  in  the  longitudinally  pumped  systems.  Local  variations  of  I  could 
be  also  caused  by  the  transversal  distribution  of  intensity  of  the  incident  pump  beam  and  by  the  effect  of  focusing. 
The  relative  importance  of  these  factors  depends  on  the  geometry  of  the  system:  in  case  of  core-pumped  fiber  lasers 
the  first  of  these  (absorption)  is  dominant,  for  longitudinally  -  pumped  thin  plates  the  transverse  distribution  is  the 
main  factor  while  for  longitudinally-pumped  bulk  samples  all  these  three  factors  could  be  important. 

The  temporal  and  incident  pump  intensity  dependence  of  the  populations  at  any  point  of  the  sample  is 
described  by  a  system  of  coupled  rate  equations  for  the  local  populations  and  for  the  local  pump  intensity.  These 
solutions  could  be  then  integrated  over  the  pumped  volume  in  order  to  obtain  the  overall  response  of  the  ^stem. 

This  paper  presents  the  results  of  mo^lling  of  sensitized  avalanche  process  in  a  “top  hat”  core  -  pumped 
fiber  by  taking  into  account  the  effect  of  pump  distribution  due  to  absorption.  For  modelling  we  use  spectroscopic 
parameters  characteristic  for  Yb^  -  sensitized  visible  photon  avalanche  emission  from  Pr^  ^0  level  under  ESA  'G4 
'l6  infrared  pump  (830  -  850  nm).  The  interest  for  the  problem  was  stimulated  by  the  recent  reports  on  visible 
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luminescence  or  laser  emission  in  Yb,  Pr  -  codoped  fluoride  fibers^’^  in  conditions  which  make  possible  the  existence 
of  avalanche  upconversion  of  the  infrared  pump. 

2.  PUMP  RATE  DEPENDENCE  IN  PUNCTUAL  MODELLING 


The  scheme  of  sensitized  photon  avalanche  is  shown  in  figure  1\  only  the  interactions  which  determine  the 
avalanche  process  are  taken  into  account.  In  the  sensitized  avalanche  process  the  pump  radiation  is  absoibed  by  ESA 
from  an  excited  level  (22)  to  the  emitting  level  (23)  of  the  active  ion.  The  excit^  level  (23)  could  cross-relax  with 
the  sensitizer  ion  (process  s)  such  as  the  donor  act  ends  on  the  level  (22)  while  the  accepted  excitation  of  level  (12) 
on  the  sensitizer  could  be  transferred  back  (process  r)  in  the  level  (22)  of  the  active  ion.  Thus,  for  each  cross¬ 
relaxation  act  more  than  one  excitation  can  be  fed  in  the  level  (22).  If  this  condition  can  be  kept  in  the  competition  of 
the  process  s  with  other  processes  of  de-oxcitation  (radiative  and  multiphonon  relaxation)  of  level  (23),  the  level  (22) 
could  accumulate  population.  This  process  of  population  is  accomplished  on  the  expense  of  the  ground  state  (21)  by 
the  joint  action  of  energy  transfer  processes  s  and  r,  which  must  fulfil  a  threshold  condition  with  respect  to  the 
intrinsic  rate  W23.  Thus  the  level  (22)  could  act  as  a  reservoir  for  ESA  which  transposes  part  of  its  population  to  the 
emitting  level:  if  the  rate  R2  overpasses  a  threshold  value  determined  by  its  competition  with  the  intrinsic 
processes  lVj2  and  the  efficiency  of  energy  transfer  processes,  an  avalanche  process  of  population  of  (22)  takes 
place,  which  determines  then  an  avalanche  emission  from  (23),  A  weak  GSA  of  rate  Ri  in  sensitizer  is  assumed. 

Due  to  the  energy  level  diagram  of  ions  I  (sensitizer)  and  II  (active  ion),  a  cooperative  sensitization  of  the 
emitting  level  (23)  could  sometimes  take  place  by  the  simultaneous  de-excitation  of  two  excited  sensitizer  ions 
(process  t/);  the  efficiency  of  this  process  could  be  reduced  by  an  inverse  three-ion  cross-relaxation  process  t.  Several 
other  energy  transfer  processes  are  possible  in  such  systems;  however,  for  the  avalanche  process  of  essential 
importance  are  the  two-ion  processes  s  and  r  and  the  three-ion  processes  u  and  t.  The  rate  equation  system  used  in 
modelling  of  the  avalanche  process  is 
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The  temporal  evolution  of  populations  rin  and  n2j  can  be  obtained  only  numerical  modelling.  We 
performed  the  modelling  by  changing  the  spectroscopic  parameters  (intrinsie  de-excitation  rates,  energy  transfer 
rates,  absorption  cross-sections)  in  the  range  characteristic  for  the  Pr^  (active  ion)  and  Yb^  (sensitizer)  in  various 
crystals  or  glasses.  This  modelling  puts  into  evidence  the  dependence  of  the  characteristics  of  the  avalanche  process 
(the  temporal  evolution  of  populations,  the  time,  necessary  to  reach  the  stationary  emission,  the  stationary  value  of 
emission)  on  the  pump  rate  R2 .  Ihas,  figure  2  shows  the  dependence  of  the  population  of  the  reservoir  level  (22)  and 
that  of  the  emitting  level  on  the  pump  rate  R2  in  such  a  system;  it  is  apparent  that  while  shows  a  sudden  increase 
at  the  avalanche  threshold,  followed  a  saturation  behaviour,  the  population  1^22  shows  an  increase  up  to 


R2  «  1.2  R2th,  followed  by  a  depletion  regime;  at  the  same  time,  the  population  of  the  ground  state  shows  a  strong 
depletion  in  the  region  of  threshold.  Strong  dependencies  on  pump  rate  show  the  populations  of  the  sensitizer  ion  too. 

These  dependences  must  be  taken  into  account  for  systems  where  the  local  pump  intensity  /  which 
determines  the  pump  rates  Ri  and  R2  could  show  local  variation  Aie  to  absorption  or  to  the  non-uniform  transversal 
distribution  of  intensity  in  the  pump  beam.  Such  situation  could  arise  in  important  laser  active  systems  such  as 
longitudinally  pumped  fibers,  thin  plates  or  bulk  crystals. 

3.  PUMP  INTENSITY  DISTRIBUTION  IN  FIBERS 
DUE  TO  ABSORPTION 

We  assume  an  optical  fiber  doped  uniformly  with  active  and  sensitizer  ions  and  pumped  longitudinally  in 
the  core.  In  order  to  put  into  evidence  the  effects  of  absorption  we  assume  that  the  pump  beam  profile  is  top  hat,  i.e. 
the  transverse  distribution  of  the  pump  in  the  section  of  the  fiber  is  uniform.  In  this  case  due  to  the  GSA  and  ESA 
processes  discussed  above  the  intensity  of  the  pump  beam  along  the  fiber  shows  a  variation  described  the  equation 

-n2i{z,t)c2\Iiz,t)  [2] 

az 

where  z  is  the  variable  along  the  fiber.  Equation  (2)  is  then  coupled  to  the  system  of  rate  equations  (1)  in  which  the 
populations  n u  and  as  well  as  the  rates  Ri  and  R2  become  dependent  on  z. 

The  numerical  solution  of  the  coupled  equations  (1)  and  (2)  shows  that  although  the  pump  is  made  in  a  cw 
regime,  due  to  the  temporal  variations  of  populations  nu  and  the  local  pump  intensity  at  each  point  z  shows  a 
very  complex  temporal  behaviour  which  evolves  to  a  stationary  value  {figure  3).  If  the  incident  pump  intensity  h 
exceeds  the  avalanche  threshold  value  corresponding  to  the  threshold  ESA  rate  R2,h,  i.e.  if  the  ratio  k=(I(/I,H)>l,  in 
the  stationary  regime  of  pump  three  z  regions  could  be  distinguished;  in  the  pump  end  region  the  fiber  is  pumped 
above  threshold,  at  a  given  distance  z,k  the  pump  intensity  reaches  the  la,  value  and  the  remaining  part  of  the  fiber  is 
pumped  below  threshold  {Figure  4).  The  distance  za,  depends  on  k,  but  not  linearly.  As  shown  in  figure  4,  the  pump 
intensity  decreases  almost  linearly  in  the  region  z  <  za,,  then  around  za,  a  sudden  drop  in  intensity  takes  place  up  to  a 
very  low  value  (the  variation  of  intensity  in  this  region  depends  on  the  ratio  /  =  (R1/R2);  when  this  is  very  small,  the 
intensity  of  pump  remains  almost  constant).  This  shows  that  in  a  pure  avalanche  regime  (very  low  1)  the  incident 
pump  beam  cannot  be  absorbed  completely  even  in  very  long  fibers. 

The  variation  of  the  local  pump  intensity  along  the  fiber  is  accompanied  by  variations  of  populations  of  all 
the  energy  levels  from  system.  Thus,  the  population  of  the  emitting  level  mjj  shows  a  complex  temporal  variation, 
dependent  on  z,  {Fig.  5)  which  evolves  to  a  stationary  value.  For  z  <  Za,  these  stationary  values  of  are  high,  as 
expected  firom  the  dependence  show  in  figure  2;  in  the  region  of  z*  they  drop  almost  suddenly  and  subsequently 
decrease  slowly  to  a  constant  value  for  z»za,  {Fig.  6).  The  temporal  dependence  of  the  populations  n2$  for  various  z 
distances  from  the  pump  end  confirms  the  behaviom  expected  from  the  punctual  modelling  under  constant  rate:  the 
time  tj,  necessary  to  reach  the  stationary  regime  has  the  largest  value  when  z  =  z,h.  It  is  also  apparent  that  the  three- 
ion  processes  u  and  t  induce  an  early  spike  of  population  on  the  rising  portion,  similar  to  that  of  an  external 
triggering  of  avalanche.  The  total  1123  population  in  the  fiber  up  to  the  point  z  (obtained  surtuning  the  local 
populations  up  to  this  point)  shows  also  a  complex  temporal  and  z  dependence  {Fig.  7),  while  the  z  dependence  of  the 
stationary  total  population  {Fig.  8)  shows  clearly  two  distina  regions:  up  to  z,*  it  increases  almost  linearly  with  z,h 
then  at  z  it  changes  the  slope  and  shows  a  tendency  to  a  very  weak  linear  d^ndence  on  distance. 

The  temporal  variation  of  population  ^22  of  the  reservoir  level  is  ^so  dependent  on  distance  z;  at  the  same 
time  its  stationary  value  at  the  pump  end  of  the  fiber,  pumped  above  threshold,  is  low,  it  increases  suddenly  and 
reaches  a  maximal  value  at  a  distance  z„ax  slightly  shorter  than  Za,  then  decreases  again.  It  is  important  to  note  that 
changing  the  pump  parameter  k,  the  maximal  stationary  value  of  remains  constant,  but  its  coordonate  Znax 
moves  inside  of  the  fiber(Fig.  9).  The  total  population  n22  at  various  distances  z  depends  also  on  time,  and  its 
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stationary  value  increases  very  slowly  below  it  starts  to  increase  more  strongly  at  this  distance  and  then  shows  a 
tendency  to  a  weak  dependence  at  long  distances. 

The  process  of  population  of  levels  (22)  and  (23)  is  accompanied  by  the  variation  of  population  (21):  in  the 
region  pumped  above  threshold  is  almost  zero  but  for  z>z„,  it  increases  strongly.  At  the  same  time  a  strong  temporal 
and  distance  dependence  is  manifested  in  the  populations  rin  and  nj2  of  the  sensitizer:  figure  10  shows  that  the  local 
population  of  level  (12)  for7<Zrt  are  very  high  but  they  drop  almost  to  zero  in  the  region  of  z,*.  This  can  be  explained 
the  bottleneck  of  the  back  transfer  r  due  to  the  severe  depletion  of  the  ground  state  of  active  ion  in  region  z<z,i„ 
and  it  shows  that  an  efficient  inversion  of  population  for  the  sensitizer  ion  takes  place  in  this  region. 

The  dependence  on  the  pump  rate  of  the  total  (22)  and  (23)  populations  in  a  fiber  depends  on  its  length. 
Thus,  for  a  short  fiber  (Figure  11)  these  dependencies  still  show  resemblances  with  the  resets  of  the  punctual 
modelling  (figure  2).  In  case  of  longer  fibers  (Figure  12)  this  dependence  is  different,  it  shows  an  almost  linear 
dependence  at  lower  rates  (but  which  still  could  be  over  an  order  of  magnitude  larger  than  followed  by  a  very 
weak  dependence.  The  temporal  dependence  of  the  total  emission  from  fibers  could  be  also  different  from  that  given 
by  the  punctual  modelling.  Since  the  most  of  the  experiments  are  made  with  very  long  fibers,  the  features  of 
avalanche  observed  in  thin  samples  are  not  obvious  any  longer  and  this  could  sometimes  lead  to  erroneous 
interpretation  of  mechanisms  leachng  to  upconversion  in  these  systems.  The  results  of  this  modelling  show  that  for 
avalanche-driven  systems  the  length  of  the  fiber  could  be  limited  (due  to  the  distance  zn  which  depends  on  the 
parameters  of  the  system  and  on  the  pump  factor  k),  without  much  loss  in  efficiency;  moreover,  this  reduces  the 
passive  losses  dependent  on  the  total  fiber  length. 

The  laser  emission  processes  from  the  emitting  level  23  to  levels  below  (22)  (and  ending  practically  on  21) 
in  these  fibers  could  be  modelled  introducing  a  light  flux  rate  equation  and  suitable  additional  terms  in  the 
population  rate  equations  (1).  Similar  to  the  case  without  laser  emission,  the  characteristics  of  avalanche-governed 
laser  emission  in  the  fiber  are  different  from  those  predicted  by  the  constant  rate  modelling  owing  to  the  absorption- 
induced  pump  intensity  variation  along  the  fiber.  The  numerical  modelling  shows  also  that  the  modification  of  the 
population  dynamics  due  to  the  laser  emission  could  influence  the  characteristics  of  emission.  The  local  pump 
intensity  along  the  fiber  decreases  up  to  a  given  distance  from  the  pump  end  (z^o.)  dependent  on  the  incident  pump 
intensity,  but  this  distance  is  larger  than  Zth  in  absence  of  laser  emission  and  the  drop  of  intensity  in  this  regim  is  not 
so  pronounced;  for  z>ZthL  the  local  pump  intensity  becomes  very  small.  As  expected,  the  stationary  values  of 
populations  njj  and  n23  for  z<z*l  are  smaller  (by  several  units),  but  for  z>ZthL  they,  as  well  as  the  local  pump 
intensity  become  equal  to  the  values  in  absence  of  laser  emission.  However,  the  local  values  of  the  population  ni2  of 
the  sensitizer  are  much  smaller  (by  about  two  orders  of  magnitude),  due  to  preventing  of  the  bottleneck  of  the  back 
transfer  process  r  owing  to  the  permanent  repopulation  of  the  ground  state  (21)  of  the  active  ion  by  the  laser 
emission.  The  light  flux  shows  an  early  spike,  dependent  on  the  incident  pump  intensity,  due  to  the  triggering  three- 
ion  process  u.  The  local  light  flux  values  are  zero  for  z  >  za^  and  thus  the  total  laser  emission  in  these  systems 
increases  with  distance  z  up  to  z*l  then  it  remains  practically  constant  for  larger  z  (Fig.  13).  The  pump  dependence 
of  the  ligt  flux  in  long  fibers  (L»ZthL)  does  not  show  the  characteristic  avalanche  behavior  predict^  by  the  punctual 
modelling,  but  increases  almost  linearly  with  pump  then  saturates.  The  predictions  of  the  rate  equation  modelling  of 
laser  emission  in  the  sensitized  avalanche  governed  systems  are  consistent  with  the  experimental  reports^’*. 
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High  quality  beam  transversal  gas  transport  c.w,  CO2  laser 

lulian  Gutu,  Victor  Rates  Medianu,  Petre  Cristian 
National  Institute  for  Laser,  Plasma  and  Radiation  Physics,  Laser  Department 
P.O.Box  MG-36,  Bucharest,  Romania 


ABSTRACT 

A  new  optical  resonator  configuration  for  transverse  flow  CO2  laser  (TFL)  was  developed.  A  high  value  of  the 
matching  coefficient  (the  cross  section  of  the  laser  beam/the  cross  section  of  the  electrical  discharge)  -  rim,  is  obtained  for 
laser  beams  with  TEMoo/oi  intensity  distribution  (that  corresponds  to  the  low  values  of  the  Fresnel  number  -  Nf  of  the 
optical  resonator).  Simultaneously,  both  types  of  the  gain  and  refractive  index  asymmetries  of  the  active  medium  (parallel 
and  perpendicular  on  the  flow  direction)  are  compensated.  A  90®  deflection  device  is  the  main  constructive  element  (this  is 
built  by  two  mirrors  at  45®  relative  angle  and  offers  the  pentaprism  properties).  This  deflection  device  reverses  the 
wavefront  in  one  of  the  two  discharge  channel  and  in  addition  improved  the  resonator  stability.  The  main  results  are  7]^  = 
0.83  for  Nf  =  1 .9  and  the  beam  pattern  is  independent  of  the  power  level  in  the  range  of  300  W  to  1800  W. 

Keywords:  transverse  flow,  CO2  laser,  asymmetries  compensation,  good  optical  quality,  high  efficiency 

I.  INTRODUCTION 

There  are  well  known  the  advantages  of  the  transverse  flow  CO2  laser  (TFL):  relatively  small  dimensions  and 
weight,  reliability,  compactness,  low  price,  simplicity  in  the  construction,  high  power  capability,  high  small  signal  gain 
coefficient  a.s.o. 


cross  section  of  the  laser  beam  area _ 

m“  cross  section  of  the  electrical  discharge  area 


Fig.  1  Typical  shape  of  the  electrical  discharge  in  transverse  flow  CO2  laser: 

a)  multipass  resonator  used  for  TEMoo/01  laser  beam  characterized  by  a  low  valve  of  the  parameter 

b)  single  pass  resonator  is  used  for  multimod  laser  beam  with  large  diameter  (25  -  40)  mm  and  nonuniform 
intensity  distribution,  charactrized  by  a  high  value  of  the  r\ta  parameter 

But,  due  to  the  fact  that: 
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-  the  shape  and  dimensions  of  the  discharge  cross  section  do  not  identical  with  the  shape  and  the  dimensions  of  the 
TEMoo/oi  laser  beam  cross-section; 

-  the  laser  beam  is  transversely  passed  both  of  the  gas  mixture  flow  and  the  electric  discharge  current  (fig,  1); 
there  are  some  major  disadvantages: 

-  in  the  case  of  laser  beams  with  a  TEMoo/oi  intensity  distribution  (that  correspond  to  the  low  values  of  the  Fresnel 
number  -  Nf  of  the  optical  resonator  -  typical  Np  <  l.5(2.5)  -  for  TEMoo  respectively  TEMoO  the  matching  coefficient  -  ijm , 
have  a  low  value  (fig.  1  a);  in  the  case  of  multimode  laser  beam  -  Np  »  2  -  when  T|m  1  (fig.  I  b)  the  intensity  distribution 
of  the  beam  is  nonuniform  and  noncircular  in  shape; 

-  the  small  signal  gain  and  the  refraction  index  profiles  of  the  active  medium  on  the  cross  section  of  the  laser 
beam  are  asymmetrical  both  on  the  flow  and  anode-cathode  directions^;  therefore,  the  intensity  distribution  of  the  laser 
beam  is  not  symmetric  with  respect  to  the  optical  axis.  The  direction  of  the  optical  axis  (beam  pointing  stability)  and  the 
beam  pattern  will  depend  on  the  laser  power  level. 

In  this  work  we  try  to  eliminaate  these  disadvantages  by: 

-  compensation  of  the  both  types  of  the  active  meium  asymmetries  (along  and  perpendicular  to  the  flow 
direction) 

-  designing  of  the  electrical  discharge  region  (anode  length  in  the  flow  directions,  anode-cathode  distance)  in 
connection  with  diameter  of  the  optical  resonator  mode  control  aperture  -  <|>b(Nf),  thus  Tim(NF)  maximum  for  a  chosen  Np 
value  (Nf  <  1.5(2. 5)  for  TEMoo  respectively  TEMoi . 

2.  EXPERIMENTAL  SETUP 

In  a  previous  paper^  we  shown  that  a  gas  circulation  fluidodynamical  circuit  with  cylindrical  geometry  -  fig.  2  -  in 
combination  with  a  U-type  resonator  can  compensate  the  gain  and  refractive  index  profile  asymmetry  along  the  flow 
direction.  Also  we  have  shown  that  a  two  mirror  system  (MU,  Ms)  -  fig  3  can  rev  erse  the  wave  front  of  the  laser  beam  in  one 
of  the  two  discharge  channel  and  consequently  the  compensation  of  the  anode-cathode  asymmetry  is  assured. 


Fig.  2  -  Gas  circulation  fluidodynamical 
circuit  used  for  compensation  of  the  gain 
and  refraction  index  asymmetry  profile 
along  the  flow  direction: 

1  -  metallic  cylinder;  2  -  blower;  3  -  heat 
exchanger;  4  -  electrical  discharge;  5  - 
cathode;  6  -  anode;  7  -  gas  flow  direction 


This  experiment  was  made  on  a  GT-1200  laser  type^  in  which:  anode  dimension  in  the  low  direction  -  U  =  45  mm 
-  fig.4  -;  adjustable  anode-cathode  distance  -  ha-c  =  (27  -  40)  mm;  cathode  diameter  -  <t)c  =  10  mm;  the  one  discharge 
length  -  Ld  =  1.2  m;  in  the  c^tical  path  length  U  -  type  resonator  - 1^  =  4  m.  In  this  case  the  aperture  diameter  -  (^bCNf) 
inside  the  optical  resonator  is  14.5  mm  (17.5  mm)  for  Nf  =  1.3  (1.9)  -  that  correspond  to  TEMoo(TEMoi)  intensity 
distribution.  The  active  medium  volume  -  enclosed  in  the  optical  resonator  with  ^  (Np)  diameter  will  be:  Vm  (Np  = 
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1.3)  =  400  cm^  respectively  V„  (Np  =  1.9)  =  580  cm^  For  matching  coefficient  we  obtain  very  low  values;  (Nf  =  1.3)  = 
0. 17  and  Tin,  (Nf  =  1.9)  =  0.25  (for  ha.c  =  30  mm). 


Fig.3  -  Double  V  optical  resonator  with  a  mirrors  system  (M,,  Ms)  used  for  90°  ray  deflection  and  wave  front  reversal,  by 
which  is  obtained; 

-  increasing  of  the  matching  coefficient  -  Tin,  and  compensation  of  the  asymmetry  along  the  flow  direction 

-  compensation  of  the  gain  and  refractive  index  asymmetry  on  the  anode-cathode  direction 

For  increasing  the  active  medium  volume  Vn,  in  condition  Np  <  1.5(2. 5),  we  have  used  a  double  V  optical 
resonator  -  fig.3  -  with  7.7  optical  path  length.  Using  the  fig.4  we  obtain;  (fe  (Np  =  1.3)  =  20  mm  ,  (fe  (Np  =  1.87)  =  24 
mm  and  V„(Nf  =  1.3)  =  1500  cm^  V„(Nf  =  1.87)  =  2000  cm^ 

For  the  infreasing  of  the  matching  coefficient  value  -  Tin,,  we  have  to  take  into  account  the  simetrization  possibility 
(on  anode  -  cathode  direction  I''  of  the  gain  and  refractive  index  profile,  offered  by  (M4,  Ms)  mirror  system.  Therefore  the 
anode  -  cathode  distance  was  adjusted  at  the  value  -  ha-c  =  31  mm.  So,  all  electrical  discharge  -  fig.4  -  was  enclosed  in  the 
mode  volume  with  <t»B  (Np  =  1.87)  =  24  mm  diameter.  In  these  conditions  results  a  matching  coefficient  rimlNp  =  1.3)  = 
0.65  and  Tim(NF  =  1.87)  =  0.83  comparable  with  that  obtained  in  FAF  (fast  axial  flow  laser).  The  middle  position  of  the 
optical  axis  Oo,  ho)  -  on  parallel  and  perpendicular  to  flow  direction  -  was  established  under  requirement  that  'nm(NF  = 
1.87)  =  maximum  -  fig.4. 

In  fig.  5  and  fig.6  it  is  shown  a  photograph  of  the  rear  and  front  plate  of  the  resonator  plates. 
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Lm-1.8m, Lr=77m, Ld-1 .2 10mm, ha.c-31  mm, la* 45mm , ho‘14  mm, 

lo=25mm;  Ai“12mm,A2“3mm7for;-TEMoo"^*20mm,NF»1 .3 
_ -TEMoi-%^24  mm.NF-1.87 _ 


Fig.4  -  Design  of  the  discharge  region  ( for  Nf  <1.2  (2.5)  correspondingly  to  TEMoo/oi  )when  a  double  V  resonator  -  as  in 
fig.  3  -  with  7.7  m  length  of  the  optical  path  is  used,  a,  b  -  cross  section  through  the  electrical  discharge  in  the  region  (R  - 
R’)  respectively  (S  -  S’).  L,  -  optical  path  length  inside  optical  resonator;  Nf  =  -  Fresnel  number 


Fig.5  -  Photograph  of  the  rear  plate 
resonator  assembly  (where  Ma  and 
Me  mirrors  are  placed) 
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Fig.6  -  Photograph  of  the  front 
plate  resonator  assembly  (where 
output  and  end  mirror  are 
externally  placed  and  M3,  M4,  Ms 
are  inner  mirrors) 


3,  EXPERIMENTAL  RESULTS 

By  adjusting  the  Ai  and  A2  apertures  -  fig.3  -  different  optical  resonator  Fresnel  numbers  in  the  range  of  1  <  Np  <  2.5 
might  be  obtained.  The  laser  beam  has  been  analysed  in  near  field  (at  1  m  distance  from  the  output  mirror)  and  in  far  field 
(in  the  focus  of  a  mirror  with  R  =  3  m  curvature  radius)  by  measuring  the  burning  profile  in  a  Plexiglas  plate.  Different 
coupling  and  end  mirror  have  been  used. 


Fig.7  -  Beam  patterns  (burning  profile 
on  a  plexiglas  plate)  of  the  multimod 
laser  beam  at  different  laser  power 
levels; 

-  a  and  b  *  near  field  at  1  m 
distance  from  the  output  mirror,  front 
view  and  respectively  cross  section  (on 
anode-cathode  direction);  the  inadiation 
time  was  4  s. 

c  -  far  field  in  the  focus  of  a  3  m 
concave  mirror;  the  inadiation  time  was 
approximately  1.5  s 

Ml  -  (JaAs  uncoated, 
transmission  -  T  =  72%,  curvature 
radius  -  Ri  =  40  m;  aperture  Di  =  25 
mm; 

M7  -  Cu  minor,  gold  coated,  R7  =  16  m, 
without  aperture 
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As  an  example,  in  fig,7  (Mi:  GaAs,  T  =  72%,  Ri  =  40  m,  E>i  =  25  mm;  M7:  Cu  mirror,  R  =  16  m,  without 
aperture)  is  shown  an  uniform  intensity  distribution  with  two  transversal  oscillation  modes  (observed  in  far  field  profile). 
To  note  that  the  intensity  profile  shape  (in  near  field  and  far  field)  is  unchanged  far  different  laser  power  levels.  The 
resulting  laser  beam  -  22  mm  diameter  and  aR)roximately  2.5  mrad  divergence  -  is  suitable  for  practical  purposes.  A 
maximum  1800  W  laser  power  has  been  obtain^ 
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Fig.8  -  Beam  patterns  (left  -  near  field,  right  -  far  field;  the  irradiation 
time  -  3s  respectively  1 .5s)  of  a  laser  beam  where  a  20  mm  aperture  at 
the  output  mirror  was  used;  600  W  laser  power;  Mj  -  GaAs,  Ri  =  40 
m,  T  =  72%,  Di  =  20  mm;  M7  -  Cu  mirror,  R7  =  16  m,  without 
aperture 


A  single  mode  distribution  (fig.8)  has  been  achieved  by  adjusting  the  apertures  Ai  at  the  output  mirror  (Di  =  20 
mm,  M7  -  without  aperture).  The  laser  beam  which  was  obtained  (15  mm  diameter,  L5  mrad  divergence)  is  suitable  to  be 
focused  by  a  f=  5  cm  lens,  which  is  important  for  our  aj^lications. 
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Fig.9  -  Beam  patterns  of  a 
laser  beam  when  Di  =  20 
mm,  I>7  =  20  mm  apertures 
were  used  (at  the  output 
mirror  respectively  and 
mirror);  left  -near  field, 
right  far  field;  Mi  -  GaAs, 
T  =  72%,  Ri  =  00,  M7  -  Cu 
mirror,  R7  =  16  m  (or  21 
m) 
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Fig.  10  -  Far  field  for  the 
laser  beam  described  in 
fig.9,  at  800  W  laser 
power  level;  (left  -  near 
field;  right  -  far  field; 
the  irradiation  time  - 
approximately  2  s) 


By  adjusting  the  aperture  At  (D7  =  20  mm  at  the  end  mirror)  a  beam  pattern  of  the  type  TEMoo  was  obtained  - 
fig.9.  In  this  case  it  was  possible  to  continuously  increase  the  laser  power  up  to  about  600  W.  The  exceeding  of  this  limit 
leads  to  a  practically  useless  laser  beam  -  fig.  10  -  both  intensity  profiles  (near  field  and  far  field)  a  strongly  disturbed.  This 
denotes  an  increase  by  a  factor  of  four  of  the  divergence  of  the  lakr  beam.  We  have  tried  to  eliminate  this  eflect  -  due  to  the 
thermal  deformation  of  the  GaAs  mirror  (2.5%  absorption  in  our  case)  using  a  high  radius  of  curvature  (R  =  40  m)  on 
an  output  mirror  (the  results  are  presented  in  fig.  7). 


Also,  we  have  to  emphasise  the  high  stability  of  the  optical  resonator  (which  is  formed  by  7  mirrors  and  has  a  7.7 
m  optical  path).  This  stability  is  due  to  the  remarkable  properties  of  the  90®  deflection  optical  element  which  is  made  by  the 
mirrors  Nl(  and  M5  (see  fig.2).  (Constructively,  this  was  built  b>'  a  single  metal  piece  on  which  the  M4  and  M,  mirrors  were 
inounted,  with  a  45°  relative  angle  This  element  -  fig.  1 1  -  has  properties  similar  with  a  pentaprism  and  we  consider  that  it 
might  be  successfully  utilised  in  the  construction  of  optical  resonators  and  in  different  other  systems  of  leading  and 
focusing  of  high  power  laser  beams. 
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Fig.  11  -  One  piece  element  for 
90°  deflection  of  the  laser  beam 
(used  for  mirrors  assembly  Mt, 
Ms)  that  exhibit  properties  alike 
pentaprism:  the  same  exact  90  - 
degree  deviation  angle  applies 
to  all  rays  transmitted  by  the 
useful  aperture  -  regardless  of 
the  angles  between  these  rays 
and  the  optical  axis  (or  entrance 
and  exit  face  normal). 


4.  CONCLUSIONS 

•  Was  developed  a  new  optical  resonator  for  TFL  with  a  matching  coefficient  ti„  s  0.8  and  a  Fresnel  number  Nf  <  2 
in  which  the  asymmetries  of  the  active  medium  are  compensated.  This  leads  to  the  increase  of  the  total  laser  efBciency  for 
beam  intensity  distribution  TEMoo/oi  ( in  accordance  with  Np  <  2).  Also,  the  shape  of  the  laser  beam  profile  intensity  is 
unchanged  for  different  laser  power  levels.  The  main  elements  for  this  resonator  are; 

-  gas  circulation  fluickx^amical  circuit  in  cylindrical  geometry  with  two  opposite  discharges^; 

-  90°  deflection  device  (^ntaprisma  alike)  which  reverse  the  wave  front; 

•  Also,  it  was  developed  a  new  very  stable  90°  beam  deflection  optical  element  with  properties  alike  pentaprism.  This 
element  might  be  used  in  optical  resonator  construction,  transport  and  focusing  systems  of  the  laser  beam,  a.s.o 

•  The  use  of  a  GaAs  uncoated  mirror  (T  =  72%)  was  possible  (due  to  high  value  of  the  small  signal  gain  characteristic 
to  TFL  and  to  long  amplification  path  present  in  this  gas  circulation  fluidotfynamical  circuit  and  optical  resonator 
configuration).  This  is  a  great  practical  interest  in  the  field  of  very  intense  laser  beams.  Also  the  lifetime  of  the  output 
mirror  will  be  increased. 
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ABSTRACT 

An  extensive  comparison  between  two  modeling  methods:  Method  of  Lines  (TvlL)  and  Time  Domain  Method  (TDM)  in 
analyzing  the  large  signal  responses  of  Fabry-Perot  (FP)  semiconductor  lasers  is  presented.  The  methods  are  implemented  in 
two  numerical  codes  written  in  FORTRAN  and  using  DIGITAL  ALPHA  workstations  under  VAX/VMS  and  UNIX 
operating  systems.  The  comparison  shows  good  agreement  between  the  simulation  results  under  specific  conditions.  A 
special  accent  is  placed  on  the  advantages  and  dra^^backs  of  both  methods  by  taking  into  account  their  numerical  problems 
and  the  computational  effort  implied  by  simulations. 

Keywords:  Fabry-Perot  semiconductor  lasers,  large  signal  response,  Method  of  Lines,  Time  Domain  Method 


1.  THEORETICAL  APPROACH 


1.1  The  mathematical  model 

The  starting  point  of  both  numerical  methods  used  in  evaluating  the  large  signal  response  of  FP  semiconductor  lasers  is 
a  set  of  three  equations: 


1  dA*[zj) 


1  dA^iz^)  dA~{zj)  f  s  i  s  i  \ 

- - ^ - ^  (2) 

— =  — - -  BN‘^{z,t)  -  CN\z,t)  -  2v  g—  (3) 

which  represent  the  traveling  wave  equations  for  the  forward  and  reverse  optical  waves  in  the  laser  cavity,  (1)  and  (2),  and 
the  rate  equation  for  the  carrier  density,  (3).  In  these  equations: 

(i)  A‘^izJ)  and  A'[zj)  are  the  slowly  varying  complex  envelope  amplitudes  of  the  forward  and  reverse  optical  fields, 

(ii)  is  the  group  velocity, 

(iii)  t  and  z  represent  the  time,  respectively  the  space  coordinate, 

(iv)  g  accounts  for  the  optical  gain  and  has  the  expression: 

<4) 

where  T  is  the  optical  confinement  factor,  dg/dN  is  the  differential  gain  (assumed  constant)  and  N(Zyt)  is  the  carrier  density, 

(v)  represents  the  absorption  and  scattering  loss  in  waveguide, 

(vi)  5  is  the  detuning  caused  by  changes  in  the  refractive  index  due  to  changes  in  the  carrier  density  and  is  given  by: 

where  ©o  is  the  central  pulsation,  X  is  the  emission  wavelength,  a*  the  linewidth  enhancement  factor.  No  the  carrier  density 
at  transparency  and  c  is  the  light  velocity  in  vacuum, 

(vii)  1  is  the  pumping  current,  L  the  cavity  length,  w  the  width  of  the  active  region,  d  the  thickness  of  the  active  region,  t  is 
the  carrier  lifetime,  B  the  bimolecular  coefiBcient,  C  the  Auger  coefiBcient. 
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The  optical  fields  are  normalized  to  give  the  photon  density  as  follows: 


P(_z,t)  =  \A\z,t)  +  A-(,z,t)\  (6) 

(viii)  and  are  the  spontaneous  emission  terms.  We  consider  the  same  expression  for  both.  The  spontaneous 

noise  source  T^izJ)  is  taken  complex,  zero  mean  and  Gaussian  distributed  with  the  autocorrelation  function  given  by. 


{T^(iz,t)T;iz,t)) 


PTBN^jzA) 


Lv 


g 


(7) 


where  p  is  the  spontaneous  coupling  factor,  and  5(2- z  )  are  Dirac  functions.  The  large-signal  model  presented 

above  is  developed  in  several  papers^’  ^  for  the  evaluation  of  dynamics  of  distributed  feedback  (DFB)  and  colliding-pulse 
mode-locked  (CPM)  semiconductor  lasers.  We  adapted  this  model  for  the  study  of  a  FP  laser  diode.  The  gain  saturation 
effect  and  gain  dispersion  are  neglected  in  a  first  approximation. 


1*2  Description  of  the  numerical  methods 

The  first  step,  valid  for  both  numerical  methods  is  to  discretize  in  one  dimension  the  laser  cavity  along  the  cavity  axis 
using  equal  space  intervals.  The  uniform  mesh  is  convenient  and  may  be  used  here  since  no  special  problems  appear  as  in 
the  case  of  semiconductor  lasers  with  different  cavity  regions  (e.g.  CPM  semiconductor  lasers  which  contain  saturable 
^sorbers).  However,  the  problem  of  choosing  the  number  of  discretization  points  still  remains.  The  slowly  varying 
envelopes  of  the  optical  waves  allow  the  fields  to  be  sampled  below  the  Nyquist  frequency,  thereby  avoiding  any  aliasing 
problems.  As  a  general  consideration  for  both  numerical  methods,  the  number  of  discretization  points  is  taken  such  that  the 
beat  period  Tb  between  sequential  modes  must  be  longer  than  the  sampling  time  interval.  Besides,  some  particular  aspects 
must  be  taken  into  account  when  dealing  with  each  method. 

To  impose  the  initial  conditions,  the  laser  is  considered  at  the  beginning  under  the  threshold  operation.  The  values  of  the 
phases  of  the  optical  fields  are  initially  set  to  zero. 

1^.1  Method  of  Lines 

ML  is  a  hybrid  method.  The  space  derivatives  in  equations  (1)  and  (2)  are  approximated  using  the  Finite  Difference 
Method  (FDM).  Hence,  the  system  composed  fi*om  equations  (1),  (2)  and  (3)  becomes  an  ordinary  differential  equations 
system  in  function  of  time.  A  numerical  solution  is  obtained  by  using  a  Runge-Kutta-Vemer  integration  method  (RKVM) 
with  adaptative  step  for  nonstiff  systems.  The  boundary  conditions  at  the  cleaved  facets  are  given  as: 

where  R  is  the  reflection  coefficient,  considered  equal  and  phase  independent  for  both  facets. 

When  the  space  derivatives  are  approximated  using  ^DM),  two  different  calculus  scheme  can  be  used.  If  np  is  the 
number  of  calculus  points,  the  first  scheme  consists  in  approximating  all  the  space  derivatives  in  both  equations  (1)  and  (2) 
with  central  differences,  beginning  with  the  2nd  point  and  ending  with  the  (np-iyth  one.  As  noted  in  equations  (8),  at  the 
left  cleaved  facet  of  the  laser  the  value  of  the  forward  optical  field  is  determined  from  the  reverse  optical  field  value. 
Therefore,  it  is  sufficient  to  approximate  in  this  point  only  the  space  derivative  in  equation  (2).  Obviously,  a  forward 
difference  formula  must  be  used.  The  same  problem  is  for  the  point  on  the  right  facet,  but  this  time  the  space  derivative  in 
the  first  equation  is  approximated  with  a  backward  difference  formula,  while  the  reverse  optical  field  value  in  this  point  is 
determined  fi'om  the  value  of  the  forward  optical  field.  The  other  scheme  is  to  use  only  backward  differences  to  approximate 
the  space  derivatives  in  equation  (1),  while  forward  differences  are  used  only  to  approximate  the  space  derivatives  in 
equation  (2).  The  remark  regarding  the  boundary  points  remains  valid.  Although  the  first  alternative  (with  hybrid  FDM) 
seems  to  have  a  higher  order  of  accuracy,  the  use  of  forward/backward  differences  at  the  boundaries  leads  to  a  decreasing  of 
the  overall  accuracy.  Much  more  the  numerical  solution  is  instable  and  nonconvergent  as  will  be  seen  in  section  2. 

1.2.2  Time  Domain  Method 

The  forward  and  reverse  optical  fields  are  sampled  as  in  the  case  of  ML  along  the  laser  cavity  at  a  number  of  points 
separated  by  regular  intervals  Az.  The  equations  (1)  and  (2)  are  then  used  to  estimate  the  values  of  the  optical  fields  at  time 
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^+-A^  in  terms  of  the  fields  at  time  t,  where  dit=AzlVg.  The  forward  and  reverse  optical  fields  are  thus  implicitly  sampled  both 
in  space  and  time.  We  do  not  detail  here  this  method  since  it  is  already  presented  By  introducing  a  “complex 
instantaneous  frequency’"  updated  at  each  time  step  and  in  each  calculus  point,  equations  (1)  and  (2)  are  written  together  as 
a  typical  eigenvalue  and  eigenvector  system.  It  is  assumed  that  the  instantaneous  frequency  remains  constant  throughout  one 
time  step  At  which  is  equivalent  to  the  sampling  criteria  mentioned  above.  The  rate  equation  for  the  carrier  density  is 
separately  solved  at  each  time  step  and  in  each  calculus  point  by  a  first  order  Newton-Raphson  method,  after  equations  (1) 
and  (2)  are  solved.  The  boundary  conditions  are  imposed  in  the  same  manner  as  in  equation  (8). 


2.  SIMULATION  RESULTS 

A  numerical  analysis  of  the  large  signal  response  gives  information  about  the  laser  dynamics  which  could  be  very  useful 
for  example  in  evaluating  the  gain-switching  operation  regime.  In  our  simulations,  a  generic  FP  semiconductor  laser  was 
used  with  two  different  sets  of  parameters  which  are  given  in  appendix,  in  Tables  1  and  2.  We  wrote  two  FORTRAN  codes 
that  have  been  used  in  simulations.  We  will  discuss  first  some  numerical  problems  that  occur  when  ML  is  used.  The 
comparative  simulations  between  ML  and  TDM  will  be  presented  further. 

2.1  The  instable  solution  of  ML  with  hybrid  FDM 

The  length  of  the  laser  cavity  is  300  pm  and  301  discretization  points  are  taken.  Hence,  the  spatial  step  is,  Az=l  pm  and 
the  time  step  is  At  =AzfVg  equal  to  12.3  fs.  The  beat  period  is  equal  to  the  round-trip  time  in  the  cavity:  7.5  ps.  The  sampling 
criteria  is  thus  fulfilled,  as  discussed  in  section  1.2.  The  device  parameters  are  given  in  Table  1.  When  the  applied  current 
has  a  step  variation  at  t=0  from  0  to  a  value  of  85  mA  (three  times  greater  than  the  threshold  value  which  is  -28.32  mA)  the 
laser  exhibits  relaxation  oscillations  until  the  steady  state  is  reached.  The  carrier  density  has  a  complementary  time 
evolution  with  respect  to  the  photon  density.  The  numerical  solution  is  not  convergent  when  ML  with  hybrid  FDM  is  used 
to  solve  the  system  composed  by  the  equations  (1),  (2)  and  (3).  Fig.  1  illustrates  the  normalized  carrier  density  against  the 
number  of  round-trips  for  two  calculus  points,  at  the  right  facet  and  in  the  center  of  the  cavity.  The  normalization  constant 
is  taken  equal  to  10?'*  m^.  The  overall  profile  of  the  carrier  density  in  the  cavity  vs  the  number  of  round-trips  is  perfectly 

symmetric  with  respect  to  the  middle  calculus  point. 
Toward  the  steady  state,  the  normalized  carrier 
density  seems  to  converge  despite  of  some  small 
discontinuities  due  to  numerical  errors,  but  the 
normalized  calculated  value  at  the  steady  state  is 
slightly  different  (-1.94)  from  that  shown  in  the 
graphic.  However,  this  solution  has  no  physical 
meaning.  First,  it  is  not  possible  to  obtain  such  a 
great  difference  between  the  values  at  the  facets  and 
those  in  the  middle  section.  Second,  at  the  steady 
state  the  carrier  density  must  be  smaller  at  the 
boundaries  than  in  the  center.  This  is  because  the 
photon  density  at  the  facets  is  greater  at  the  output 
than  in  the  center  of  the  cavity.  Although  we  do  not 
have  an  exact  explanation  of  this  numerical  effect,  it 
is  clear  that  it  is  due  to  the  instability  generated  by 
using  a  hybrid  FDM.  Much  more,  although  the 
central  differences  are  more  accurate  than  the 
forward/backward  ones,  this  scheme  does  not 
respect  the  causality  principle.  The  central 
differences  always  use  the  “next”  calculus  point  to 
estimate  the  value  in  the  precedent 

point.  According  to  the  conventional  direction  of 
propagation,  at  this  time  the  value  in  the  “next”  point  is  unknown.  Finally,  the  RKVM  may  contribute  to  the  propagation  of 
the  numerical  errors  due  to  the  intrinsic  calculus  method.  Taking  into  account  the  above  considerations,  the  simple 
forward/backward  difference  scheme  is  preferable. 


Fig.  1.  Normalized  carrier  density  for  two  cavity  sections  vs  the 
number  of  round-trips. 
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2.2  The  numerical  ^^filtering^  effect  of  the  forward/backward  difference  scheme 


Althou^  less  accurate,  a  simple  forward/backward  difference  scheme  used  within  ML  is  always  stable  and  the 
numerical  solution  is  convergent.  For  a  800-pm  long  cavity  and  301  discretization  points,  the  photon  density  at  the  right 
facet  of  the  laser  is  presented  in  Fig.  2,  while  for  1001  calculus  points  is  illustrated  in  Fig.  3.  The  device  parameters  are 
given  in  Table  2.  In  both  cases  the  sampling  condition  is  fulfilled.  Here,  trt  is  the  round-trip  time. 


number  of  rouncf-trlps 

Fig.  2.  Photon  density  at  the  output  of  the  laser  (z=800  pm) 
against  the  number  of  round-trips  («p=301). 


Fig.  3.  Photon  density  at  the  output  of  the  laser  (z=800  pm) 
against  the  number  cf  round-trips  (w/j=1001). 


The  laser  reaches  the  steady  state  in  both  cases  after 
being  pumped  with  a  current  step  fi'om  0  to  100  mA 
(the  threshold  current  is  18.33  mA),  No 
discontinuities  due  to  numerical  effects  are  observed 
as  in  Fig.  1.  Since  the  forward/backward  difference 
scheme  is  first  order  accurate  a  sufficiently  large 
number  of  discretization  points  must  be  taken  in 
order  to  obtain  a  correct  solution.  If  this  condition  is 
not  fulfilled,  numerical  errors  could  occur.  This  is 
the  case  in  Fig.  2,  where  301  discretization  points  are 
not  enou^.  The  dark  zone  when  the  laser  is  still 
oscillating  does  not  represent  the  beats  between  the 
cavity  modes  but  a  numerical  noise.  Increasing  the 
number  of  discretization  points,  the  solution  becomes 
more  accurate.  However,  these  beats  are  not  obtained 
in  both  cases.  The  solution  is  not  realistic,  since  a  FP 
laser  is  multimodal.  If  one  takes  into  account  Fig.  3 
and  performs  a  spectral  analysis  of  the  photon 
density  for  the  last  100  round-trips,  one  will  see  only 
two  spectral  lines;  one  of  them  on  the  central 
frequency  (corresponding  to  the  emission 
wavelength)  and  the  other  at  small  frequencies 
(-GHz)  corresponding  to  the  slow  variable  relaxation 
oscillations  toward  the  steady  state.  In  conclusion, 
the  forward/backward  difference  scheme  presents  a 
numerical  "filtering"  effect  as  it  cuts  off  the  other 
frequencies  corresponding  to  the  cavity  modes.  By 
using  this  scheme  it  is  equivalent  to  adding  an 
artificial  diffusion  term  and  then  using  the  central 
difference  scheme  to  approximate  the  space 
derivatives  of  this  new  problem.  For  this  reason  the 
scheme  will  smooth  out  the  discontinuities  or  the 
comers  of  the  solution.  This  effect  is  usually  referred 
to  by  saying  that  the  scheme  is  dissipative  As 
Az^,  the  £q>proximation  will  converge  toward  the 
true  solution.  As  expected,  the  fast  variations  due  to 
the  beats  between  the  cavity  modes  are  smoothed  out. 
An  important  role  is  played  also  by  the  integration 
method  (RKVM).  The  time  integration  step  must  be 
no  longer  than  A/  =Az/Vg  ^  but  may  be  of  course 
smaller.  The  last  alternative  is  not  veiy  convenient 
because  it  increases  the  computational 


time.  Besides,  RKVM  used  in  our  simulation  is  a  five  order  accurate  method  with  adaptative  step.  For  a  single  simulation 
200  round-trips  of  transient  regime,  with  301  calculus  points,  the  computational  time  is  about  6  hours  on  a  DIGITAL 
ALPHA  workstation  under  VAX/VMS  operating  system.  Figure  4  illustrates  the  normalized  carrier  density  along  the  cavity 
axis  vs  the  number  of  round-trips  for  wp^lOOl.  The  normalization  constant  is  equal  to  lO^"*  m‘^.  The  normalized  value  of  the 
carrier  density  at  steady  state  is  equal  to  1.55.  As  seen,  the  numerical  solution  tends  to  this  value. 
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The  carrier  density  profile  is  symmetric  with  respect  to  the  middle  calculus  point.  Near  the  cleaved  facets  the  values  of 
the  carrier  density  decreases  slightly  which  corresponds  to  the  reality.  In  the  center,  the  carrier  density  exhibits  a  slight 

curvature.  The  difference  between  the  values  in 
the  center  and  those  at  the  boundaries  is  of  the 
order  of  10’^  in  normalized  values. 

In  conclusion,  FDM  works  efficiently  in 
‘  '  problems  with  smooth  solutions  which  is  not 

17s  :  . .  exactly  the  present  case.  On  the  other  hand,  due 

|'i.6s  i  to  the  simplicity  in  solving  the  system  of 

•0^5^  equations,  TDM  represents  a  more 

I  ^  ^  .  perspective  the  system  equations 

^  The 

reduced,  in  comparison  with  ML.  Moreover, 
avoiding  the  use  of  FDM,  a  satisfactory 
If  *  accuracy  of  the  numerical  solution  could  be 

^  obtained  by  taking  a  much  smaller  number  of 

calculus  points  in  comparison  with  ML  with 
forward/backward  difference  scheme.  Therefore, 
^ - ^200  the  computational  time  is  much  more  reduced. 

200^^ii  section  two  numerical  solutions  one 

obtained  with  ML,  the  other  with  TDM  are 

cavity  length  (microns)  0  q 

number  of  round-trips  presented. 


number  of  round-trips 

Fig.  4.  Normalized  carrier  density  along  the  cavity  axis  as  a  function  of 
the  number  of  round-trips  (w/?=1001). 


2.3  Comparative  results 

The  device  parameters  are  given  in  Table  2.  In  simulations  using  ML  301  discretization  points  are  used,  while  for  TDM 
only  40  calculus  points  are  enough.  In  both  cases  the  sampling  condition  is  fulfilled.  The  amplitude  of  the  current  step  is 
taken  equal  to  85  mA.  As  seen  in  Fig.  5,  where  the  photon  densities  are  represented  vs  the  number  of 
round-trips,  the  steady  state  is  not  yet  reached. 

Despite  of  a  great  difference  between  the  two  .  ^  ^ 

numerical  methods,  the  solutions  are  quite  similar.  ^ ^ ^ _ 

In  the  case  of  TDM  solution,  the  beats  between  the 

cavity  modes  are  put  into  evidence  by  the  dark  zone  ]  i  i 

under  the  photon  density  envelope  (Fig.  5,  (b)).  As  ; 

presented  in  section  1,  the  gain  dispersion  was 

neglected  in  afirst  approximation,  thus  all  the  cavity  ^  .  ' 

modes  compete  equally.  The  numerical  effect  of  ^  ? 

“filtering”,  due  to  the  FDM  is  clearly  seen  in  ^  e-  8 .  . 

Fig.  5,  (a).  One  can  see  that  the  photon  density  in  |  ♦  i  | 

this  case  represents  the  envelope  of  the  photon  |  e . . .  |  e- 

density  obtained  with  TDM.  Small  differences  S  ;  I. 

between  values  in  both  cases  could  appear  because  . .  ^ .  .  ,[ . . 

the  numerical  codes  use  different  random  generators  |  i 

to  simulate  the  spontaneous  emission  term.  i  i  lil  > 

The  carrier  density  vs  the  number  of  round-trips  ^  uIIIAa  liil 

have  similar  profiles  for  both  cases.  We  considered  y  V/y  ^  u  AIAh 

that  the  picture  showing  the  photon  density  vs  the  %  ^oo  200  300  %  100  200  300 

number  of  round-trips  is  sufficiently  relevant  for  our  number^^  round-Wps  number  of  round-trfps 

com^son,  hence  we  do  not  illustrate  the  carrier  5  ^ 

densities  against  the  number  of  round-tnps.  round-trips:  a)  solution  obtained  with  ML;  b)  solution  obtained  with 

The  example  presented  above  shows  good 

agreement  between  both  numerical  methods. 
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Fig.  5.  Photon  density  at  the  laser  output  against  the  number  of 
round-trips:  a)  solution  obtained  with  ML;  b)  solution  obtained  with 
TDM. 
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It  is  possible  to  obtain  accurate  results  using  ML,  but  only  with  forward/backward  differences  and  using  a  large  number 
of  discretization  points.  Moreover,  an  aspect  which  was  not  put  into  evidence  until  now  is  the  possibility  to  obtain  a  more 
realistic  solution  by  introducing  a  numerical  filter  to  simulate  the  gain  dispersion.  A  first  order  infinite  impulse  response 
filter  was  already  presented^  The  difference  between  ML  and  TDM  in  solving  the  system  of  equations,  assures  a  very 
simple  implementation  of  the  digital  filter  in  the  case  of  TDM,  but  renders  quite  impossible  its  implementation  in  ML,  due 
in  principal  to  the  use  of  an  integration  method.  Instead,  ML  could  solve  a  more  complex  system  of  equations,  where  second 
order  terms  due  to  the  material  and  gain  dispersion  are  taken  into  account.  Unfortunately  the  system  becomes  stiff  and 
special  integration  methods  must  be  used.  The  problem  becomes  very  difBcult  because  of  the  high  computational  time  for 
solving  the  equations. 


3.  CONCLUSIONS 

In  this  paper,  two  numerical  methods,  ML  and  TDM  are  discussed.  Their  performances  are  analyzed  fi-om  the  point  of 
view  of  the  calculus  time,  computational  effort  and  accuracy.  A  special  accent  is  placed  on  the  numerical  problems 
encountered  in  simulations  using  ML,  since  this  part  was  particularly  developed  by  us.  Very  powerfiil  computers  are  needed 
to  solve  accurately  the  partial  differential  equations  system,  when  ML  is  used.  Only  the  forward/backward  difference  scheme 
for  ML  provides  correct  solutions.  On  the  other  hani  in  spite  of  the  high  computational  time,  ML  allowrs  a  better  control  of 
the  accuracy  by  setting  the  tolerance  of  the  integration  method  with  adaptative  time  step.  Besides,  ML  allows  a  relative 
independence  between  the  space  interval  and  the  time  interval,  while  TDM  does  not  have  this  advantage.  However,  the 
reduced  computational  effort  and  time  and  its  simplicity,  nominate  TDM  as  an  efficient  simulation  tool  of  the  large  signal 
responses  of  semiconductor  lasers. 


4.  APPENDIX 


TABLE  1^;  Device  parameters  (model  1) 


Cavity  length,  L 

30010'*m 

Cavity  volume,  Vol^L'wd 

18010-‘*m^ 

Reflection  coefficients,  Ri,  R2 

0.32 

Optical  confinement  factor,  T 

0,35 

Group  refi'active  index,  rig 

3.7 

Differential  gain,  dg/dN 

2.96-10'^‘’m^ 

Linewidth  enhancement  fector,  a;, 

2.0 

Absorption  loss,  a,„f 

4000  m'* 

Transparency  carrier  density,  A^o 

1.2-10^'' m'^ 

Carrier  lifetime,  t 

5-10-®s 

Bimolecular  coefficient,  B 

10'*®  m^-s*^ 

Auger  coefficient,  C 

10  m  *s 

Emission  wavelength,  % 

1.5510'*m 

Spontaneous  coupling  factor,  P 

lO"* 

TABLE  2:  Device  parameters  (model  2) 

Cavity  length,  L 

800*  10’^  m 

Cavity  volume,  Vol^L'W'd 

9610-‘V^ 

Reflection  coefficients,  Ri,  R2 

0.30 

Optical  confinement  factor,  T 

0.05 

Group  refi'active  index,  rig 

3.5 

Differential  gain,  dg/dN 

1.4910'*®m^ 

Linewidth  enhancement  factor,  ah 

2.0 

Absorption  loss, 

2880  m'* 

Transparency  carrier  density.  No 

1.2-lC^''m'^ 

Carrier  lifetime,  t 

310-®s 

Bimolecular  coefficient,  B 

1.3-10'‘*mV* 

Auger  coefficient,  C 

10'^®m*s'‘ 

Emission  wavelength,  X 

1.5M0‘*m 

Spontaneous  coupling  factor,  P 

3- 10“* 
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ABSTRACT 

A  generalised  model  of  the  cw  three-micron  emission  in  concentrated  Er  systems,  which  takes  into  account 
the  whole  variety  of  de-excitation  processes  is  presented  The  analytical  equation  for  the  flux  of  light  enables  a  direct 
correlation  of  the  parameters  of  emission  (threshold  slope  efficiency)  with  the  spectroscopic  parameters  and  pump 
conditions.  The  effect  of  excited  state  absorption  is,  also,  put  in  evidence. 

keywords:  mid  infrared  lasers;  Er^ 


1.  INTRODUCTION 

Despite  of  a  much  shorter  lifetime  of  the  emitting  level  Ch\n),  as  compared  to  the  terminal  laser  level 
('*/i3/2),  efficient  three-micron  room  temperature  laser  emission  between  these  two  levels  was  obtained  in  concentrated 
Erbium  systems  The  models  propos^  to  explain  the  absence  of  self-saturation  of  this  transition  could  be  grouped 
in  two  classes,  one  based  on  the  excited  state  absorption  (ESA)  from  the  terminal  laser  level  ^  and  the  other,  based  on 
co-operative  up-conversion  inside  the  system  of  Er^  ions  The  presence  of  efficient  laser  emission  in  concentrated 
systems  favours  the  last  model. 

For  the  stationary  regime  of  generation  (cw  or  long  pulse)  our  investigations  *’  ^  show  that  the  system  of  rate 
equations  including  the  populations  of  all  the  Erbium  energy  levels  involved,  by  pump  or  by  energy  transfer,  in  the 
three-micron  emission  and  the  photon  flux  density,  can  be  solved  analytically,  the  influence  of  the  various  energy 
transfer  processes  on  the  laser  characteristics  being  expressed  by  specific  figures  of  merit 

Based  on  the  analytical  expressions  obtained  for  the  population  inversion,  photon  flux  density,  and  quantum 
efficiency,  we  discuss  the  role  of  the  different  interactions  which  could  make  possible  efficient  three-micron 
generation  on  the  self-saturated  transition  This  model,  confirmed  b>^  a  large  bulk  of  experimental  data, 

show  that  in  concentrated  Erbium  systems,  although  ESA  from  the  terminal  laser  level  could  improve  the  parameters 
of  emission,  the  driving  mechanism  for  three-micron  generation  is  the  co-operative  up-conversion  from  the  terminal 
laser  level. 

2.  THREE-MICRON  GENERATION  ON  THE  SELF-SATURATED  TRANSITION  %n-^%3/2 

To  explain  the  efficient  three-micron  room-temperature  laser  on  transition  we  shall  discuss  first 

the  “self-saturation  condition”.  In  fact,  this  condition  is  not  Ti  <  T\  but  aT2  <  PaipTi  where  a,  p  are  the 
Boltzmann  population  coefficients  of  the  Stark  sublevels  involved  in  the  laser  transition  and  P21  is  the  fraction  of 
excitation  from  the  initial  laser  level  that  reaches,  radiatively  or  non-radiatively,  the  terminal  laser  level.  The 
possibility  to  overcome  this  condition  depends  of  the  specific  transition  (via  the  Boltzmann  coefficients  a,  P)  and  of 
the  host  crystal  (Ti,  T2  and  P21)-  For  example,  the  2.81  pm  transition  of  Er:  YLiF4  (qfO.201,  >?2i«0.6,  Ti 

=  10  ms,  T2  =  4  ms  (our  measurements)),  but  for  no  transition  in  Er:  YAG  where  Ti «  6  ms  and  T2  «  0.01  ms.  To 
explain  the  efficient  cw  (or  long  pulse)  operation  of  Er:  YAG  laser  co-operative  up-conversion  or  ESA  from  "*^13/2 
must  be  considered. 

There  are  two  main  up-conversion  (two-ion)  mechanisms  acting  in  Erbium  systems  at  high  concentrations: 
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(i)  up-conversion  from  ‘^l^n  (Fig-  la):  Chii2-^^h$i2)'^Chin-^^hi'i),  proposed  in  This  “positive” 

mechanism  takes  out  two  excitation  from  *lua  and  adds  one  two  ^Iwn  (via  the  efficient  multiphonon  transition 

(ii)  up-conversion  from  (Fig.  lb);  (''/ii/2->''/i5/2)+(''/ii/2^‘’F’7/2)  proposed  in  This  “negative” 

mechanism  depletes  the  initial  laser  level. 


Fig,  1.  Energy  level  scheme  of  Er^  and  the  main  processes  responsible  for  three-micron  lasing: 

(a)  -  co-operative  up-conversion  from  ‘’/13/2;  (b)  -  co-operative  up-conversion  from  %\i2,  (c)  - 
cross-relaxation  from  (d)  -  cross-relaxation  from  V9/2;  (e)  -  ESA  for  pumping  in  ^53/2;  (f)  - 
ESA  for  pumping  in  V9/2  (Rg  is  the  rate  for  the  ground  state  absorption). 

Though  the  efficiency  of  three-micron  Erbium  laser  depends  on  the  rapport  between  the  two  up-conversion 
mechanisms,  significant  for  cw  (or  long  pulse)  operation  is  not  the  ratio  0022  /  ffliu  where  (On  is  the  rate  of  the  up- 
conversion  mechanism  (i)  and  CO22  for  (ii)  but  the  figure  of  merit  p  s  (P  /  a)  (©22  /  ®ii)’^^-  Besides  these  up- 
conversion  mechanisms,  the  rate  equations  describing  the  kinetics  of  main  metastable  levels  of  Er^,  involved  in  the 
laser  transitions,  must  include  the  cross-relaxation  processes  from  (Fig.  Ic)  and  from  (Fig.  Id) 
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where  are,  respectively,  the  populations  of  the  levels  ^^13/2,  ^h\/2y  ^^9/2.  and,  ^S3/2.  T),...,Ts  being  their 

lifetimes  measured  at  low  Erbium  concentrations  and  low  pump  intensities.  In  the  rate  equations  (1)  ©so  is  the  rate  of 
the  cross-relaxation  process  from  *8%^.  and  O30  -  the  rate  of  the  cross-relaxation  from  %/2.  Pumping  is  allowed  in  any 
level  /  with  the  rate  RpiNo. 

The  cross-relaxation  from  ^53/2  (thermalized,  at  room  temperature,  with  plays  a  very  important  role 

in  the  built  of  population  of  the  laser  levels.  At  moderate  and  hi^  erbium  concentrations  the  excitation  from  this 
level,  populated  by  direct  pump  or  by  energy  transfer,  is  equally  distributed  on  the  initial  and  final  laser  le\'els. 

The  effect  of  cross-relaxation  from  %/2,  “inverse”  to  the  up-conversion  (i),  is  a  reduction  of  the  global 
efficiency  and  will  be  discussed  later. 

The  rate  equation  system  (1)  can  be  simplified  if  we  take  into  account  the  inequality  Tu  T2  »  T3,  T4,  Ts, 
characteristic  for  the  Erbium  system  and  the  very  high  efficiencj’  of  the  cross-relaxation  from  *83/2.  Including  the 
laser  terms,  and  assuming  P21  =  1,  over  the  laser  threshold,  we  have  in  the  stationary  regime,  analytical  solutions  for 
the  populations  of  the  laser  levels: 
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For  high  pump  intensities  we  have  the  approximate  solutions: 
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The  condition  for  population  inversion.  aN2  -  >  0  gives: 
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Eq.  (3)  suggests  the  figure  of  merit  (formerly  introduced  in  '*)  p  s  (p/a)^©jj  /©,,  which  expresses  the 
condition  for  population  inversion  as 
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(4) 


The  very  interesting  result  is  that  now  the  condition  for  population  inversion  does  not  depend  of  the  lifetime  of  the 
initial  and  terminal  laser  levels,  overcoming  the  “bottleneck”  produced  by  self-saturation. 

The  explicit  effea  of  various  parameters  become  apparent  on  examining  the  analytic  expression  of  the 
photon  flux  density  (|)  ® 
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Thus,  only  the  first  and  the  last  term  in  the  right-hand  side  could  be  positive,  depending  on  the  pump  rates  and  the 
figure  of  merit  p.  The  first  term  is  positive  if  the  condition  (4)  is  satisfied;  this  gives  p  <  V?  when  /?i  =  0  (i,  e.,  for 
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pumping  in  one  or  all  of  the  levels  ^2,  %i2,  or  %i/2)  andp  <  1  for  R  =  0,i.  e.,  for  pumping  only  in  %3a.  On  the 
other  hand,  the  last  term  in  (5)  is  positive  if  p  >  1  regardless  the  pump  wavelength.  The  relative  magnitude  of  these 
two  terms  restricts  the  possible  combinations  of  Stark  sublevels  of  ^lun  and  ^lu3/2  for  stationary  laser  emission  for 
given  pumping  conditions. 

The  lifetime  Ta  of  the  initial  laser  level  enters  only  at  the  denominator  of  the  negative  terms  in  (5)  and 
should  be  as  large  as  possible. 

The  effect  of  the  lifetime  Ti  depends  onp.  Ifp  <  1  the  last  term  in  (5)  is  negative  and  is  desirable  to  have 
large  Ti ;  contrary,  for  p  >  1  a  shorter  Ti  increases  the  photon  flux  density. 

The  up-conversion  parameter  0)22  (from  ''/n/2)  appears  directly  in  two  negative  terms  and  indirectly  in  the 
figure  of  merit,  p.  A  small  ©22  is  always  beneficial:  it  reduces  the  emission  threshold  and  extend  the  range  of  the 
laser  transitions. 

The  parameter  ©u  influences  the  flux  density  by  intermediate  of  p  and  M-  Generally,  a  large  value  of  ©n  is 
beneficial.  Nevertheless,  for  p  >  1  there  is  a  competition  between  the  terms  containing  Nf,  when  /  T2<  (a./  P)(p^  - 
1)  a  lower  value  of  ©1 1  may  be  preferred. 

We  can  define  the  quantum  efficiency  of  the  three-micron  laser  transition  as  the  ratio  between  the  number  of 
quanta  generated  in  the  laser  cavity  and  the  number  of  pump  quanta.  The  upper  limit  of  the  quantum  efficiency  for 
pumping  performed  in  the  level  i  is 


Thus,  for  pumping  in  %/2,  ti  =  3  -  2p^  in  %/2,  %/2,  or  ''l„/2  ti  =  2  -  p^ ,  and  for  pumping  in  ''I13/2  ti  =  1  -  p\  It 
results  that  laser  transitions  with  quantum  efficiency  higher  that  one  are  possible.  This  is  explained  by  the  circulation 
of  excitation  specific  to  the  Erbium  system. 

ESA  from  the  terminal  laser  level  ''/13/2  was  considered  as  a  possible  mechanism  for  eliminating  self 
saturation  of  the  3  pm  Erbium  laser  A  noticeable  ESA  from  %3i2  of  the  Xenon  lamp  pump  radiation  was  put  in 
evidence  in  Er^  LuAG  with  a  cross-section  similar  to  ground  state  absorption.  The  effect  of  ESA  on  the  3  pm 
emission  depends  strongly  on  the  pump  wavelength  and  can  be  taken  into  account  proper  additional  terms  in  the 
rate  equations.  If  the  pumping  wavelength  is  smaller  than  1.1  pm  ESA  from  ''/13/2  excites  levels  up  to  ''F9/2,  avoiding 
the  cross-relaxation  from  "53/2;  however,  for  pumping  wavelengths  shorter  than  0.85  pm,  the  cross-relaxation  from 
‘'S'3/2  is  activated.  Denoting  R^i  the  ESA  pumping  rate  for  >Ip  >  1.1  pm  and  with  R^2  the  ESA  pumping  rate 
corresponding  to  ^  <  0.85  pm,  the  expression  of  the  photon  flux  density  becomes 
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ESA  introduces  a  supplementary  term  in  the  flux  density  equation.  An  analysis  of  Eq.  (7)  shows  that  ESA  relaxes  to 
some  extent  the  condition  on  the  figure  of  merit  p  when  pumping  is  performed  in  %3ri  or  ''S3/2.  Though  ESA  could 
improve  the  emission  characteristics,  it  can  not,  generally,  solve  itself  the  self-saturation  problem  ”  . 

In  Eq.  (5)  and  Eq.  (7)  the  negative  influence  of  cross-relaxation  from  was  not  taken  into  account.  Its 
effect,  expressed  through  the  “efficiency”  of  the  relaxation  process  from  the  level  labelled  with  “3”  in  the  rate 
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where 


T  T 


(l-P.,)|l->'.-(l  +  E,)p’] 


and  the  pump  term,  R^,  has  the  expression: 

+  +  +  -  63)  -  (l  +  2e,)p^]  +  (;?,,  +  )[2(l  -e,)-{l  +  3^3)^^] 
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A  general  decrease  of  the  quantum  efficiency  due  to  the  cross-relaxation  from  %;2  is  observed. 

Another  figure  of  merit  (denoted  by  fin  ®)  expresses  the  modification  of  the  balance  of  rate  equations  due 
the  presence  of  the  sensitiser  Cr^.  The  position  of  Cr^  levels  and  ‘'Tj  in  rapport  with  Er^  levels  favours  the  chain 
of  processes  ‘'S3/2  (Er^)  ->  ^E,  ^T2  (Cr^)  ->  %/2  (Er^)  which  furnishes  an  alternative  channel  for  the  de-excitation  of 
''5'3/2.  In  ®  this  figure  of  merit  was  defined  as 


/  = 


®50^£r  ®50^Cr 


where  Na,  N^r  are,  respectively,  the  Chromium  and  Erbium  concentrations  and  m‘50  is  the  rate  of  Er^->Cr*^  energy 
transfer  process.  Obviously,  in  the  absence  of  Chromium,/  =  1. 

In  the  presence  of  Cr*^  ions  the  analytical  expression  for  the  photon  flux  density  (19)  becomes  : 
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and  the  pumping  is  assumed  only  in  %/2  with  the  rate  Rp^  due  to  presence  of  the  sensitiser  Cr^.  Only  laser 
transitions  that  make  the  first  term  (pumping  term)  in  (22)  positive  are  permitted.  For  the  efficiency  and  the 
range  of  possible  generation  wavelengths  are  reduced.  This  loss  could  be  compensated  the  presence  of  Cr’^  (f<  1), 
extending  the  emission  towards  shorter  wavelengths. 


3  DISCUSSION 


At  low  Erbium  concentrations,  when  the  effects  of  up-conversion  and  cross-relaxation  processes  can  be 
neglected,  cw  generation  of  Er(l  at.%):  YLiF4  at  2.81  pm  for  pumping  in  ^9/2  or  V9/2  was  possible  due  to  the 
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combination  of  material  parameters  Ti,  a,  p,  and  which  overcome  the  self-saturation  condition.  Increasing  the 
Erbium  concentration  the  condition  for  population  inversion  (3)  make  the  rapport  between  the  lifetimes  Ti,  T2 
becomes  less  important.  Nevertheless,  as  we  have  seen  from  the  inspection  of  the  flux  equation  (5),  a  large  value  of 
the  initial  laser  level  lifetime  T2  is  always  beneficial.  On  the  other  hand,  the  effect  of  T\  depends  on  p.  For  the  Er: 
YAG  crystal  stable  long  pulse  or  cw  generation  at  room  temperature  was  observed  only  for  X  =  2.94  pm, 
corresponding  to  the  transition  between  the  second  (in  the  order  of  increasing  energy)  Stark  sublevel  of  "^711/2  and  the 
seventh  of  V13/2.  For  this  transition p  =  0.43  <  1  (using  con,  ©22  given  in  making  the  last  term  in  Eq.  (5)  negative,  a 
larger  value  of  T\  being  desirable.  This  explains  the  failure  of  the  earlier  attempts  to  improve  the  efficiency  of  the 
2.94  pm  Er:  YAG  laser  by  co-doping  with  Tm^  or  Ho^  in  order  to  reduce  T\  or  with  Nd^  for  simultaneous 
generation  of  Er,  Nd:  YAG  On  the  other  hand,  for  transitions  with  p>  \  (transition  at  A  =  2.702  pm  of  Cr,  Er: 
YSGG,  with  /?  =  1.92  estimated  using  the  sublevels  identification  and  ©n,  ©22  given  in  the  co-doping  with  Ho^ 
and  Tm^  is  beneficial 

The  co-doping  with  Cr^,  besides  an  overall  increasing  of  the  emission  efficiency  due  a  better  absorption  of 
the  pump  radiation,  can  modify  the  generation  picture.  In  fact,  a  shift  of  the  emission  toward  shorter  wavelengths 
was  experimentally  observed  in  Cr,  Er:  YAG,  the  generation  taking  place  at  2.7  pm  instead  of  2.94  pm.  This 
shorter  wavelength  correspond  to  the  transition  between  the  first  sublevels  of  both  "*711/2  and  "*7i3/2  with  p  =  1.85  >  1, 

In  the  frame  of  our  model  lasing  on  transitions  with  p  >  V2  could  be  explained  the  relaxation  of  this 
condition  introduced  the  presence  of  Chromium.  In  fact,  the  inspection  of  Eq.  (10)  for  the  population  flux  density 

with/ <  1  shows  that  positive  pump  term  is  obtained  for  p  <  ^2(1 -^3)/ [4^3  +  /(l““  <^)]  «  ^2  ^  »  considering,  as 

for  YAG,  ^3  w  0.  An  estimation  of  the  figure  of  merit /for  Cr,  Er:  YSGG  as  a  function  of  Cr^  and  Er^  concentration 
was  made  ^ ,  based  on  the  spectroscopic  data  given  in  Values  for / as  low  as  ~  0.3  could  be  obtained,  extending  the 
emission  range  to  transitions  with p  <  2.58. 

According  to  our  model  the  temperature  dependence  of  the  quantum  efficiency  is  conditioned  by  the 
temperature  dependence  of  the  figures  of  merit  p  and  63.  As  we  shown  in  in  the  temperature  range  (20  -  100°C), 
usual  for  solid  state  lasers,  the  temperature  dependence  of  p  is  given  mainly  by  the  Boltzmann  population  coefficients 
a,  p  ;  the  temperature  dependence  of  express  the  concurrence  between  the  multiphonon  transition  '*79/2~>'*7ii/2  and 
the  cross  relaxation  from  %/2.  Our  estimations,  based  on  the  experimental  temperature  dependence  of  the  lifetime 
(of  %/2)  measured  for  two  crystals  (Er(45  at.%):  YAIO3  and  Er(25  at.%):  YLiF4),  show  that  for  Er:  YAIO3  the 
temperature  dependence  of  the  cross-relaxation  is  stronger,  leading  to  an  increase  of  with  negative  effects  on  the 
quantum  efficiency;  in  contrast,  for  Er:  YLiF4,  the  multiphonon  process  has  a  steeper  temperature  dependence,  with 
possible  positive  effects  on  the  quantum  efficiency. 

The  role  of  three-ion  energy  transfer  in  3  |im  lasing  of  Erbium  doped  ciystals  was  reviewed  recently 
While  three-ion  cross-relaxation  from  "*^3/2  level  merely  accelerates  the  depletion  of  this  level,  three-ion  up- 
conversion  from  "*7i3/2  could  improve  the  laser  efficiency  and  relax,  in  some  extent,  the  restriction  imposed  by  the 
figure  of  merit  p. 


4  CONCLUSIONS 

Efficient  3  |xm  generation  of  Erbium  lasers  on  the  self-saturated  transition  '*7ii/2->'*7i3/2  is  made  possible  by 
energy  transfer  processes,  very  active  at  hi^  activator  concentrations. 

The  population  inversion  condition  which  depends  at  low  Erbium  concentrations  of  the  lifetimes  of  the  laser 
levels,  and  can  be  fulfilled  only  in  few  cases  (as,  for  example,  2.81  ^m  lasing  in  Er:  YLiF4)  is  r^laced  at  higher 
concentrations  by  a  new  one,  depending  of  the  up-conversion  rates. 

For  stationary  regime  of  emission  our  mathematical  model  based  on  analytical  formulae  for  population 
inversion,  photon  flux  density  and  quantum  efficiency,  explains  in  an  unitary  manner  the  main  characteristics  of  the 
Erbium  lasers. 

The  role  of  various  interactions  with  influence  on  3pm  lasing  in  Erbium  systems  is  expressed  specific 
figures  of  merit  which  can  be  determined  from  spectroscopic  measurements. 
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This  model,  confirmed  by  a  large  bulk  of  experimental  data  shows  that  for  concentrated  Eibium  systems 
though,  ESA  from  the  terminal  laser  level  could  improve  the  lasing  efficiency,  the  driving  mechanism  for  3  ^.m 
emission  is  the  co-operative  up-conversion  from  the  terminal  laser  level. 
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ABSTRACT 

Carbides  and  nitrides  of  metal  have  a  large  number  of  applications  in  modem  technology 
owing  to  their  interesting,  and  in  some  ways  unique,  physical  and  chemical  properties. 
Thin  film  coatings  of  titanium  carbide  (TiC)  and  aluminum  nitride  (AIN)  were  deposited 
on  Si  (100)  substrates  using  pulsed  laser  deposition  (PLD)  method.  The  stractural  and 
microstructural  properties  of  these  films  have  been  characterized  using  x-ray  diffraction, 
and  Fourier  transform  infrared  spectroscopic  techniques.  The  mechanical  properties  of  the 
films  were  evaluted  to  measure  the  hardness  and  modulus  values.  It  has  been  shown  that 
the  films  deposited  at  higher  temperature  have  the  best  crystalline  quality  sfructure  and 
also  have  higher  hardness  values  compared  to  the  film  deposited  at  lower  temperatures. 

Keywords:  Pulsed  laser  deposition,  Titanium  carbide.  Aluminum  nitride,  Hardness, 


1.  INTRODUCTION 

Transition  metal  of  carbides  and  nitrides  have  many  desirable  properties  for 
applications  at  elevated  temperatures  because  of  extremely  high  melting  point,  hardness,  high 
temperature  strength,  good  thermal  shock  resistance,  and  high  thermal  conductivity  [1]. 
Titanium  carbide  (TiC)  is  an  excellent  material  for  applications  where  corrosion  and  wear 
resistance  are  important.  Because  of  its  high  melting  point,  it  is  also  a  promising  material  to 
be  used  as  first  wall  material  in  fusion  reactors.  Aluminum  nitride  (AIN)  is  a  wide  band  gap 
(6.2  eV)  III-V  compound  with  desirable  thermal  conductivity,  electrical  resistivity,  and 
acoustic  properties.  AIN  can  also  be  made  translucent  or  transparent  if  it  has  sufficient 
density  and  purity,  and  combined  with  its  wear  resistance  makes  AIN  attractive  for  some 
electrooptics  applications.  AIN  films  can  be  a  promising  material  for  applications  in 
microelectronics  and  optoelectronics  devices  such  as  passivation  and  dielectric  layers  in 
integrated  circuits,  short  wave  length  emitter,  and  surface  acoustic  devices.  In  addition,  AIN 
can  help  extend  the  life  of  moving  mechanical  components  due  to  its  potential  as  a  wear- 
resistant  hard  coating  [2-4]. 

Many  deposition  techniques  such  as  sputtering,  ion  beam  deposition  etc.,  have  been 
utilized  to  fabricate  TiC  coatings  [5,  6].  AIN  films  have  been  deposited  in  various  ways,  such 
as  chemical  vapor  deposition  (CVD),  reactive  sputtering,  evaporation,  molecular  l)eam 
epitaxy  (MBE),  metallographic  chemical  vapor  deposition  (MOCVD),  ion  implantation,  and 
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ion  beam  assisted  deposition  (IB AD)  [7-8].  In  the  last  decade,  the  PLD  method  has  emerged 
as  an  excellent  technique  for  the  deposition  of  carbides  and  nitrides  coatings  [9-11].  The 
uniqueness  of  using  PLD  technique  for  depositing  carbide  and  nitride  thin  film  are  as  follows: 
(i)  this  process  provides  correct  stoichiometric  TiC  films  with  unique  microstructure  and 
properties,  (ii)  thin  film  deposition  is  performed  at  relatively  low  temperature  and,  (iii)  laser 
deposition  rate  is  relatively  high  in  the  range  of  50  to  100  A/sec.  Furthermore,  it  has  the 
advantages  of  improving  adhesion  to  the  substrate,  easier  to  control  of  composition  and 
thickness  of  the  film  and  possibility  of  synthesizing  compounds  films  and  growing  films  at 
room  temperature.  In  addition,  PLD  provides  the  capability  to  tailor  film  behavior  by  precise 
control  of  film  morphology,  and  crystal  structure  through  adjustment  of  film  deposition 
parameters.  In  this  article,  we  report  the  formation  of  high  quality  TiC  and  AIN  films  with 
excellent  mechanical  properties. 


2.  EXPERIMENTAL 

The  PLD  system  at  University  of  South  Alabama  consists  of  a  laser,  a  six  way 
cross  vacuum  chamber,  vacuum  pumps  (Rotary  Vane  and  Turbo  Molecular  Vacuum 
pumps)  and  other  relevant  instruments  such  as  leak  valves,  temperature  and  pressure 
gauges.  This  PLD  system  is  capable  of  depositing  multi-layer  structures  composed  of  up 
to  five  different  materials,  in  a  vacuum  of  up  to  lO"*  Torr,  at  up  to  700”C  in  background 
atmosphere  of  Nitrogen,  Argon,  and  Oxygen.  Figure  1  shows  an  overall  schematic 
diagram  of  the  PLD  system  at  University  of  South  Alabama.  There  are  five  target  holders 
mounted  on  a  disk  which  can  be  rotated  to  bring  the  desired  target  for  laser  irradiation.  A 
high-energy  pulsed  laser  beam  (KrF,  wavelength  =  248  nm)  is  directed  and  focused  on  to 
the  target’s  materials  for  the  respective  deposition  of  thin  films  inside  the  experimental 
chamber  [9-10].  The  films  of  aluminum  nitride  were  deposited  on  Si  (100)  substrates  at 
various  temperatures  (100”C,  200"C,  300”C,  400'’C,  550"C,  600°C,  625“C,  675‘’C,  and 
725°C)  and  different  thickness  (300  nm  and  600  nm)  in  15  mTorr  nitrogen  environment 
with  10  J/cm^  energy  density.  The  films  of  titanium  carbide  were  deposited  on  Si  (100) 
substrates  at  different  temperatures  (room  temperature,  300*’C,  500°C  and  650°C)  in  high 
vacuum  with  3000  A  thickness.  The  laser  beam  was  operated  at  the  constant  energy  mode 
at  repetition  rates  at  20  Hz.  The  mechanical  properties  such  as  hardness  of  these  films 
were  determined  using  Nanoindenter  HA. 

3.  RESULTS  AND  DISCUSSIONS 

X-ray  diffraction  patterns  for  the  TiC  samples  prepared  under  various  conditions 
(room  temperature,  300“C,  500®C,  and  bOO^C)  are  shown  in  Fig.  2.  The  film  structures 
were  found  to  be  strongly  dependent  on  the  deposition  temperature.  At  room  temperature, 
there  were  no  peaks  observed  except  Si  (100).  In  addition,  the  film’s  quality  as  well  as  the 
film’s  adhesion  were  not  very  good.  At  higher  deposition  temperatures  (600°C),  the  film 
was  found  crystalline.  The  peak  can  be  indexed  to  a  (200)  textured  TiC  phase. 

X-ray  diffraction  analysis  of  the  AIN  films  that  were  3000  A  in  thickness,  grown  on 
Si  (100)  substrates,  could  not  detect  any  characteristic  AIN  diffraction  pattern,  suggesting 
that  the  films  are  amorphous.  The  lack  of  crystallinity  in  these  films  appears  to  be  related 


Fig.  1;  Schematic  diagram  of  the  pulsed  laser  deposition  system 
to  the  low  growth  temperature,  low  thickness,  and  low  repetition  rate  which  means  lower 
energy  density.  In  general,  it  has  been  observed  that  regardless  of  the  growth  technique 
employed,  the  growth  of  AIN  films  on  various  substrates  at  temperature  higher  than  500“C 
has  resulted  in  epitaxial  or  preferentially  oriented  films,  while  depositions  at  temperatures 
below  500”C  have  produced  amorphous  films.  These  trends  strongly  suggest  that  to 
achieve  crystallinity  in  thin  films,  it  is  necessary  to  provide  energy  to  the  components  of 
the  film  during  deposition.  Fig.  3  shows  that  films  deposited  at  550”C  and  625®C  have 
very  low  intensity  peak  of  AIN  but  it  shows  highly  c-axis  oriented  along  normal  to  the 
substrate.  The  lattice  constant  for  these  films  is  found  to  be  4.97A  which  is  very  close  to 
the  literature  value  of  the  bulk  material.  The  AIN  film  deposited  at  675®C,  in  15  mTorr  N2 
has  produced  the  best  quality  thin  film.  This  film  is  highly  textured,  having  the  c-axis 
perpendicular  to  Si  (100)  substrate.  It  can  also  be  seen  that  the  integrated  intensity  of 
(0002)  peak  increases  as  a  function  of  substrate  temperature. 
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Fig.  3:  X-ray  diffraction  pattern  of  AIN  films  on  Si  (100)  substrates  at  different  deposition 

tempertures 


Fig.  3  shows  the  IR  transmittance  spectrum  of  AIN  films  deposited  at  675®C  in  15 
mTorr  nitrogen  environment  using  Nicolet  Magna  IR  750.  This  spectrum  was  obtained  by 
computer  subtraction  of  the  Si  (100)  substrate  background.  The  strong  absorption  peak  at 
665  cm'*  is  due  to  the  transverse  optical  phonon  modes  of  AIN  [12-13].  These  phonon 
modes  clearly  show  that  the  laser  deposited  films  contain  AIN  phase. 


Fig.  4:  FTTR  Spectrum  of  AIN  Deposited  on  Si  (100)  Substrates  at  Different 
Temperatures  in  15  mTorr  Nitrogen 

The  hardness  of  TiC  films  deposited  on  Si  (100)  substrates  at  different  temperature 
(room  temperature  and  600”C)  with  3000  A  are  given  in  Fig.  5.  as  a  function  of 
penetration  depth.  Obviously,  there  was  a  substrate  effect  when  the  penetration  was 
increased  up  to  50  nm  and  100  nm  so  that  the  values  of  hardness  and  Young’s  modulus 
were  decreased.  There  seems  to  be  an  obvious  trend  of  slightly  increasing  hardness  and 
with  increasing  deposition  temperature,  ie.  when  going  from  amorphous  to  crystalline 
microstructure.  The  film  deposited  at  a  higher  temperature  (600®C)  displays  higher 
hardness  values  than  the  film  deposited  at  a  lower  temperature  (room  temperature).  These 
values  are  well  comparable  to  the  bulk  target  of  the  TiC  [14]  and  no  results  are  available 
to  compare  in  the  thin  film  form. 

The  hardness  values  of  AIN  films  deposited  on  Si  (100)  substrates  at  different 
temperatures  (675°C  and  550®C)  in  15  mTorr  nitrogen  environment  are  given  in  Fig.  6 


Fig.  5:  Hardness  of  TiC  films  deposited  on  Si  (100)  substrates  at  different  deposition 
temperatures  as  a  function  of  penetration  depth 


Fig.  6:  Hardness  of  AIN  films  deposited  on  Si  (100)  substrates  at  different  deposition 
temperatures  as  a  function  of  penetration  depth 


as  a  function  of  penetration  depth.  In  this  case,  there  is  no  clear  evidence  that  there  is  a 
substrate  effect.  There  seems  to  be  an  obvious  trend  of  slightly  increasing  with  increasing 
deposition  temperature,  i.e.  when  going  from  amorphous  to  crystalline  microstructure. 
The  film  deposited  at  higher  temperature  (675°C)  displays  higher  hardness  values  than  the 
film  deposited  at  higher  temperature  (550°C). 

4.  CONCLUSIONS 

The  hardness  value  of  the  TiC  film  deposited  at  higher  temperature  (600®C)  is 
higher  than  those  of  the  film  deposited  at  lower  temperature  (room  temperature).  The  X- 
ray  diffraction  patterns  show  that  crystalline  TiC  films  have  been  made  successfully.  The 
films  deposited  at  higher  temperature  have  better  quality  crystallinity  than  the  films 
deposited  at  lower  temperatures.  Thin  films  of  AIN  have  been  grown  successfully  on  Si 
(100)  substrates.  The  films  are  crystalline  in  nature.  It  was  found  that  the  film  deposited  at 
higher  temperature  (bTS^C)  shows  the  characteristics  of  AIN  films.  The  hardness  values  of 
these  films  also  show  that  AIN  film  with  higher  deposition  temperature  (675°C)  has  the 
better  hardness  properties  compared  to  the  films  fabricated  at  lower  temperature  (550°C) 
which  transforms  into  amorphous  structure. 
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ABSTRACT 

The  effects  of  laser  fluence  on  the  structure  and  properties  of  the  reactive  pulsed  laser 
deposited  carbon  nitride  (CNx)  thin  films  prepared  at  different  gas  pressures  of  N2  and  NH3  were 
investigated.  The  structure,  the  morphology  and  the  chemical  composition  of  the  films  were 
characterised  by  X-ray  photoelectron  spectroscopy  (XPS),  X-ray  diffraction  (XRD),  transmission 
electron  microscopy  (TEM),  scanning  electron  microscopy  (SEM),  Rutherford  backscattering 
(RBS)  and  Fourier  transform  infrared  (FTIR).  The  films  were  plane,  adhesive  and  relatively  hard, 
with  a  low  droplet  density.  The  deposition  rate  decreases  with  increasing  gas  pressure  and  laser 
fluence,  while  the  N/C  atomic  ratio  increases.  The  nitrogen  concentration  in  the  deposited  films 
drops  when  the  substrate  temperature  is  increased,  indicating  a  desorption  process  of  the  CN 
radicals.  Spectroscopic  studies  of  the  plasma  plume  indicate  an  interesting  correlation  between  the 
CN  band  emission  intensity  and  the  nitrogen  concentration  in  the  samples. 

Keywords:  Laser  ablation;  Carbon  nitride  thin  films;  Graphite;  X-ray  photoelectron  spectroscopy; 

Rutherford  backscattering;  IR  absorption;  Optical  emission  spectra;  Mass  spectra. 


1.  INTRODUCTION 

Present  interest  in  the  synthesis  of  carbon  nitrides  thin  films  and  in  particular  for  P-C3N4 
phase  starts  from  the  well  known  theoretical  work  by  Liu  and  Cohen  predicting  for  this  new 
compound  a  very  large  hardness  nearly  equal  to  that  of  diamond*.  This  hard  material  can  be  used  as 
coating  for  thermally  unstable  materials  such  as  glasses  and  plastics.  Many  other  applications  are 
foreseen  in  the  microelectronics,  optics,  and  tribology  industries^'^.  The  numerous  deposition 
techniques  that  have  been  tried  so  far  include  plasma  chemical  deposition^’^,  ion  assisted  dynamic 
mixing  method®,  low  energy  ion  beam  deposition^'***,  double  ion  source  deposition**,  shock  wave 
compression*^,  rf  sputtering*®,  magnetron  sputtering*"*  and  laser  ablation*®  *  .  Up  to  now,  the  most 
of  work  reported  on  CN  films  involved  low  nitrogen  concentrations  which  are  much  lower  than 
that  expected  for  stoichiometric  P-C3N4.  However,  some  papers  reported  the  deposition  of  CN 
films  containing  microdomains  of  P-C3N4  crystallites*^  **’’^*’ 

We  propose  an  approach  aimed  at  both  synthesis  and  deposition  of  high  quality  CN  thin 
films  in  one  step  procedure.  In  order  to  evaluate  the  actual  potential  as  well  as  the  limits  of  reactive 
pulsed  laser  ablation  (RPLA)  in  obtaining  good  quality  thin  films  we  continued  our  investigations 
with  a  parametric  study  in  relation  to  the  gas  pressure  and  laser  fluence. 

2.  EXPERIMENTAL  APPARATUS 

Depositions  were  performed  using  a  XeCl  excimer  laser  (X=308  nm,  'rFWHM=30  ns).  Series 
of  10,000  pulses  at  a  repetition  rate  of  10  Hz  were  directed  to  high  purity  graphite  targets.  The  laser 
fluences  were  F=3,  6,  12  and  16  J/cm^.  The  laser  beam  was  incident  on  the  target  surface  with  an 
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angle  of  45°.  In  order  to  obtain  irradiation  conditions  as  uniform  as  possible,  the  target  was  rotated 
with  a  3  Hz  rotation  frequency  during  the  application  of  the  multipulse  laser  irradiation.  The 
ablated  material  was  collected  either  on  (1 1 1)  Si  or  KBr  substrates.  The  substrates  were  placed  on  a 
support  at  a  distance  d=4.0  cm  from  the  target  and  they  could  be  heated  up  to  500  °C.  All  the 
depositions  were  conducted  inside  a  stainless  steel  high-vacuum  chamber  (Fig.  1). 


Fig.  1  Scheme  of  the  experimental  apparatus.  T:  target;  S:  substrate;  L:  lens;  MS:  quadrupole  mass 
spectrometer:  SP:  optical  spectrograph;  PDA;  photodiode  array;  PC;  personal  computer;  OF  optical  fibre. 

The  chamber  was  first  evacuated  down  to  10'^  Pa,  while  its  walls  were  heated  in  order  to  facilitate 
the  desorption  of  water  vapour.  Then,  a  jet  of  either  high  pure  nitrogen  (electronic  grade)  or  pure 
NH3  (99,99%,  with  less  than  4  p.p.m.  oxygen)  was  continuously  blown  inside  the  chamber  which 
was  accurately  set  at  a  chosen  value  in  the  1  -  250  Pa  range.  The  residual  gas  conditions  were 
monitored  by  a  quadrupole  mass  spectrometer. 

3.  EXPERIMENTAL  RESULTS 

Initial  tests  to  determine  suitable  substrate  temperatures,  substrate-target  distance  and 
reactive  ambient  gas  were  performed.  The  tests  indicated  much  better  adhesion,  uniformity  and 
higher  N/C  atomic  ratios  at  lower  substrate  temperatures.  However,  also  when  no  intentional 
substrate  heating  was  used,  the  film  growth  temperature  was  recorded  to  be  approximately  60  °C. 
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The  substrate-target  distance  of  4.0  cm  resulted  to  be  the  best  compromise  between  high 
deposition  rates  (which  decrease  with  increasing  distance)  and  low  droplet  density  on  the  film 
surface  (which  decreases  with  increasing  distance). 

The  highest  N/C  atomic  ratios  were  observed  in  films  deposited  in  NH3  atmosphere,  even 
though  they  had  a  lower  fraction  of  N  atoms  bonded  to  C  atoms  than  films  deposited  in  N2  at  the 
same  experimental  conditions.  This  can  be  due  to  the  large  quantity  of  N-H  bonds  detected  by  IR 
spectroscopy  in  the  films  deposited  in  NH3  atmosphere.  Moreover,  the  deposition  rate  is  lower 
in  NH3  than  in  N2  at  the  same  ambient  pressure.  It  means  that  the  diffusion  of  ablated  material  by 
NH3  molecules  is  more  efficient  than  diffusion  by  N2  molecules. 

Series  of  CN  samples  were  deposited  at  various  gas  pressures  (1-250  Pa)  and  at  different 
laser  fluences  (3,  6,  12  and  16  J/cm^).  Typical  experimental  conditions  used  in  this  study  are  listed 
in  Table  I. 


Table  I:  Deposition  conditions  used  in  these  experiments 


TARGET 

HIGH  PURITY  GRAPHITE 

TARGET  FREQUENCY 

3Hz 

REACTIVE  GAS 

ULTRA  HIGH  PURITY  N2  AND  NH3 

SUBSTRATES 

Si  (1 1 1)  and  KBr 

SUBSTRATE 

TEMPERATURE 

20, 250  and  500  °C 

BASE  PRESSURE 

10  ^  Pa  (10  ’  mbar) 

GAS  AMBIENT  PRESSURE 

1  to  250  Pa 

LASER  FLUENCE 

3, 6, 12, 16  J/cm" 

LASER  FREQUENCY 

10  Hz 

NUMBER  OF  PULSES 

10,000 

TARGET-SUBSTRATE  DISTANCE 

4.0  cm 

Composition  and  chemical  bonds  of  the  films  were  studied  by  XPS  technique.  N  Is  and  C 
Is  photoelectron  spectra  of  the  CN  films  deposited  at  16  J/cm^  and  at  p(N2)=10  Pa  are  shown  in 
figs.  2a  and  2b,  respectively. 
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intensity  (a.u.) 


Binding  Energy  (eV)  Binding  Energy  (eV) 


Fig.  2  Typical  N  Is  (a)  and  C  Is  (b)  photoelectron  spectra  of  carbon  nitride  layers  deposited  at  F=16  J/cm^ 
and  at  p(N2)=10  Pa.  The  data  are  presented  after  inelastic  background  subtraction  and  using  gaussian  fits. 

To  look  in  details,  the  spectra  were  deconvoluted  using  the  gaussian  fit.  The  results  of  the 
deconvolution  of  the  broad  N  Is  and  C  Is  photoelectron  peaks  clearly  suggest  different  chemical 
bonds  both  for  N  and  for  C  atoms.  The  N/C  atomic  ratio  of  the  films  were  calculated  from  the  area 
ratio  of  each  peak  considering  the  sensitivity  of  the  detector  and  the  photoionization  cross  sections. 

The  binding  energy  of  the  N  Is  centred  at  400.6  eV  can  be  associated  to  N  atoms  bonded  to 
C  atoms  in  the  sp^  bonding  state  and  the  one  at  399.1  eV  can  be  assigned  to  N  atoms  bonded  to  C 
atoms  in  sp*  bonding  state,  that  is  to  CsN  triple  bond^*.  By  times  the  N  Is  spectrum  showed  a  tail 
at  high  energy  due  to  N-0  bond. 

The  four  gaussian  profiles  of  the  C  Is  spectrum  shown  in  fig.  2b  are  peaked  at  284.4,  285.2,  286.2 
and  287.9  eV  .  The  binding  energies  of  C  Is  at  284.4  and  285.2  eV  can  be  associated  to  grafitic  and 
diamond-like  structures,  respectively^^.  Instead,  the  peaks  at  286.2  and  287.9  eV  can  be  associated 
to  C  atoms  bonded  to  N  atoms  in  the  sp'  and  sp^  bonding  states,  respectively^^.  XPS  analyses  of  the 
deposited  films  have  clearly  showed  that  the  number  of  N  atoms  covalen^ply  bonded  to  C  atoms 
and  the  nitrogen  concentration  increase  with  laser  fluence  and  gas  pressure. 

The  chemical  composition  and  thickness  of  the  CN  films  were  studied  by  RBS  method 
using  2.2  MeV  He"^  beams.  Thickness  and  C7N  atomic  ratio  were  determined  by  RUMP 
(Rutherford  Universal  Manipulation  Program)  simulation^'*.  Figures  3a  and  3b  show  the  RBS 
spectra  of  the  CN  films  deposited  on(lll)  Si  substrate  at  16  J/cm^  and  at  p(N2)=5  and  10  Pa.  The 
N/C  atomic  ratio  increases  with  the  laser  fluence  and  gas  pressure  and  it  reaches  the  maximum 
value  of  0.7  at  16  J/crn^  and  p(N2)=10  Pa  (see  Table  II).  On  the  contrary,  the  deposition  rate 
decreases  with  increasing  laser  fluence  in  agreement  with  the  model  suggested  by  Singh  and 
Narayan^^.  The  deposition  rate  also  decreases  with  increasing  ambient  pressure.  The  nitrogen 
concentration  in  the  films  decreased  when  films  were  deposited  on  substrates  heated  to  250  “C, 
under  identical  experimental  conditions  (Fig.  4).  At  500  ®C  the  nitrogen  content  decreased  to  not 
detectable  level.  This  effect  could  be  due  to  the  desorption  of  CN  radicals^^. 
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Table  II:  N/C  atomic  ratio  and  thickness  inferred  by  RBS  spectra 


P(N2) 

(Pa) 

Thickness 
Ts=20°C 
F=12  J/cm^ 

N/C 

Ts=20=C 

F=12J/cm^ 

Thickness 
Ts=20'’C 
F=16  J/cm^ 

N/C 

Ts=20'='C 

F=16J/cm^ 

Thickness 
Ts=250 “C 
F=16  J/cm^ 

N/C 

Ts=250  "C 
F=16  J/cm^ 

1 

220 

0.20 

280 

0.20 

250 

0.20 

5 

150 

0.25 

200 

0.40 

200 

0.20 

10 

60 

0.30 

150 

0.70 

200 

0.25 

50 

10 

0.50 

<10 

7 

180 

0.25 

Further  evidence  in  favour  of  the  existence  of  CN  chemical  bonds  was  obtained  by  FTIR 
measurements.  Figure  5  shows  the  infrared  absorption  spectra  of  CN  films  deposited  on  KBr 
substrate  at  different  N2  pressures  and  at  6  J/cm^. 


Fig.  5  FTIR  transmission  spectra  of  the 
samples  deposited  on  KBr  substrates  under  different 
pressures,  at  F=6  J/crr?  and  Ts=  20  ®C 


The  spectra  look  similar  to  those  of  the  films  deposited  by  other  techniques'’"^*.  The 
absorption  peak  centred  at  2200  cm"*  is  due  to  the  stretching  vibration  of  CsN  triple  bond.  The 
broad  asymmetric  absorption  band  from  1000  to  1700  cm  *  can  be  assigned  to  C=N  double  bond 
(1625  cm"*)  and  to  C-N  single  bond  (1350-1500  cm-1).  C.W.  Ong  and  his  collaborators  associated 
this  broad  band  to  graphitic  rings  (sp’  configuration)  become  infrared  active  because  some  carbon 
atoms  in  the  rings  are  replaced  by  nitrogen  atoms’^.  The  low  intensity  band  feature  near  700  cm"* 
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is  due  to  the  out-of-plane  bending  mode  in  graphitic  like  sp^  domains^^  At  last,  the  double  peak 
near  2900  cm’’  can  be  due  to  hydrocarbon  contaminants. 

XRD  analyses  have  also  been  carried  out  to  investigate  the  crystalline  properties  of  the 
films.  XRD  profiles  in  glancing  incident  geometry  (0.5-4°)  on  all  our  films  do  not  show  any 
diffraction  peak.  This  can  be  due  to  the  small  scattering  factors  of  C  and  N  atoms.  The  analyses 
carried  out  using  d  -  2i5  Bragg  geometry  indicate  a  polycrystalline  structure  of  the  films  deposited 
on  KBr  and  at  12  and  16  J/cm  .  Figure  6  shows  the  XRD  profiles  of  the  film  deposited  at  12  J/cm^ 
and  p(N2)=1  and  10  Pa.  The  three  peaks  at  0.389,  0.377  and  0.347  nm  can  not  be  associated  neither 
to  carbon  phase  nor  to  C3N4  phases.  We  may  suppose  that  they  could  be  due  to  a  new  CNx  phase. 


Fig.  6  XRD  spectra  of  the  samples  prepared  at  F=12  J/cm^  and  p(N2)=l  and  10  Pa 

The  narrow  peaks  indicate  a  quite  large  crystallite.  All  films  deposited  at  3  and  6  J/cm^  have  an 
amorphous  structure. 

The  structure  of  the  CN  films  has  also  been  investigated  with  electron  diffraction.  TEM 
studies  show  that  the  films  either  exhibit  poor  crystallinity  (12  and  16  J/cm^)  or  are  amorphous  (3 
and  6  J/cm^).  The  sample  deposited  at  room  temperature,  16  J/cm^  and  p(N2)=l  Pa  evidences  the 
formation  of  monocrystals  with  an  ellipsoid  basis.  The  major  axis  of  the  ellipse  ranges  between  2 
and  15  p,m,  while  the  minor  axis  ranges  between  1  and  5  [im.  These  electron  diffraction  studies 
indicate  that  the  crystals,  which  seem  to  exhibit  a  diamond-like  structure,  grew  almost  epitaxially 
on  the  (1 1 1)  Si  substrate.  It  is  not  possible  to  index  the  experimental  diffraction  data  to  diamond  or 
graphite  structures.  The  cristallinity  of  the  films  seems  to  increase  with  laser  fluence. 

SEM  analyses  indicate  that  the  droplet  density  and  dimensions  decrease  with  increasing 
laser  fluence  and  gas  pressure. 

Microhardness  values  of  the  samples  deposited  at  6  J/cm^  were  measured  by  using  a 
diamond  nanoindenter.  The  values  range  from  10  to  21  GPa,  far  lower  than  theoretical  value  of 
P-C3N4'°. 

All  the  samples  deposited  at  room  temperature  in  N2  and  NH3  atmosphere  present  a  sheet 
resistivity  higher  than  10^  fl/cm^.  This  is  a  further  confirmation  of  the  existence  of  covalent 
carbon-nitrogen  bonds  in  the  samples^^. 

Mass  and  optical  emission  spectra  were  recorded  during  the  laser  ablation  of  graphite  target 
at  low  pressure  (up  to  250  Pa)  of  N2  and  NH3  atmosphere  to  study  the  role  of  gas-phase  reactions  in 
CN  compound  formation.  Significant  correlation  with  film  characteristics  were  found. 


Figure  7  shows  typical  time  integrated  optical  emission  spectra  recorded  at  different  N2 
pressures.  The  spectra  are  dominated  by  the  bands  due  to  Av=-2,  -1,  0,  +1,  +2  vibrational 
sequences  (Swan  system)  of  the  C2  (d  ^Hg  -  a  ^Ilu)  electron  transition  and  by  the  bands  due  to  Av= 
-1,  0,  +1  vibrational  sequences  of  CN  (B  -  X  electronic  transition.  The  CN  radical  is 
considered  the  most  appropriate  precursor  for  the  deposition  of  C3N4^'.  The  CN  and  C2  bands 
intensities  increase  with  nitrogen  pressure  at  all  the  used  laser  fluences. 

In  figure  8  time  integrated  optical  emission  spectra  recorded  at  different  laser  fluences  are  shown. 
The  spectra  always  have  the  same  bands  and  the  same  structures,  with  CN  band  intensities 
increasing  with  laser  fluence.  Optical  emission  studies  confirm  the  results  deduced  from  XPS  and 
RBS  analyses:  the  N/C  atomic  ratio  in  the  deposited  films  and  the  CN  band  emission  increase  with 
laser  fluence  and  N2  gas  pressure. 

The  most  interesting  results  have  been  obtained  from  the  study  of  the  spectra  recorded  at 
different  distances  from  the  target  (Fig.  9).  CN  violet  bands,  which  were  very  weak  at  1  mm, 
become  the  dominant  ones  at  larger  distances.  This  feature  is  observed  at  all  the  used  laser 
fluences.  In  fig  10,  the  dependence  of  CN  and  C2  emission  intensity  on  the  distance  from  the  target, 
for  a  fluence  of  12  J/cm^  and  a  pressure  of  100  Pa,  is  shown.  One  can  see  that  the  C2  emission  has  a 
narrow  profile  which  reaches  the  maximum  near  the  target  and  exhibits  a  rapid  decrease  with  the 
distance.  The  CN  radical  emission  has  a  large  profile  which  reaches  the  maximum  at  about  6  mm 
from  the  target.  These  results  indicate  that,  even  if  the  formation  mechanisms  of  the  CN  radical  are 
not  still  well  known,  the  gas  phase  formation  of  CN  radical  seems  to  be  very  important^^. 


Wavelenght  (nm) 

Fig.  7  Typical  time  integrated  optical  emission  spectra  recorded  during  laser  ablation  of  graphite  at  different 
N2  pressures  and  at  F=6  J/cm^ 
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Fig.  8  Optical  emission  spectra  of  the  plasma  plume 
recorded  during  laser  ablation  of  graphite  at  different 
laser  fluences  in  N2  at  250  Pa  and  at  5  mm  from  the 
target 


Wavelength  (nm) 


Fig.  9  Optical  emission  spectra  recorded  in  N2  at 
different  distances  from  the  target.  The  laser  fluence 
was  set  at  12  J/cm^ 


The  spectra  recorded  in  NH3  had  the  same  structures  as  ones  recorded  in  N2,  with  the  C2  Swan 
system  bands  dominant.  The  CN  violet  system  bands  were  very  weak  and  lightly  increase  with 
NH3  pressure  and  laser  fluence. 

The  mass  spectra  recorded  in  N2  ambient  atmosphere  at  p=10'^  Pa,  the  highest  working 
pressure  of  our  mass  spectrometer,  were  full  of  peaks  (Fig.  11a).  The  most  interesting  ones  were 
due  to  C,  C2,  CN,  C2N.  CN2  and  C2N2.  After  the  first  2000  pulses  many  peaks  disappeared,  but  the 
CN  mass  peak  didn’t  disappear,  even  if  it  was  less  intense  than  before  (Fig.  11b).  This  effect  was 
observed  every  time  we  irradiated  virgin  target  surfaces.  This  behaviour  could  be  explained  with  a 
nitridation  process  between  carbon  surface  and  adsorbed  nitrogen  leading  to  CN  formation  on  the 
target  surface. 
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Fig.  11  Typical  mass  spectra  recorded  during  pulsed  laser  ablation  of  graphite  (a)  in  low  pressure  (10'^  Pa)  of 
N2  during  the  first  pulses  of  ablation  and  (b)  after  2000  laser  pulses.  The  laser  fluence  was  set  at  6  J/cm^ 

4.  DISCUSSION 

The  deposition  rate  of  the  deposited  films  decreases  with  increasing  gas  pressure  because 
the  number  of  collisions  between  the  ablated  material  and  the  ambient  gas  molecules  increases  with 
gas  pressure.  The  deposition  rate  also  decreases  with  increasing  laser  fluence.  This  effect  is  due  to 
the  shape  of  the  plasma  created  during  the  laser  irradiation  of  the  target.  In  fact,  the  variation  of  the 
film  thickness  can  be  expressed  in  the  form  of  d  ’’,  where  d  is  the  substrate-target  distance  and  P  is 
the  expansion  coefficient  describing  the  nature  of  the  expansion.  The  value  of  P  corresponds  to  3 
for  a  spherical  expansion  and  is  equal  to  1  for  a  linear  expansion.  The  expansion  coefficient  is 
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dependent  on  the  spot  size.  As  the  spot  size  is  decreased  (as  the  laser  fluence  increased),  the  plasma 
expansion  becomes  more  spherical  and  the  thickness  and  deposition  rate  decrease^^ 

The  N/C  atomic  ratio  increases  with  laser  fluence  and  gas  pressure.  It  is  higher  in  films  deposited 
in  NH3  atmosphere  than  in  N2  at  the  same  conditions,  even  if  the  number  of  atoms  bonded  to  C 
atoms  is  lower  in  NH3  than  in  N2  atmosphere.  This  can  be  explained  with  the  large  quantity  of  N-H 
bonds  detected  by  IR  spectroscopy  in  samples  prepared  in  NHj  atmosphere. 

The  analyses  of  XPS  and  IR  spectra  indicate  that  C  atoms  are  present  in  different  bonding  states.  It 
is  not  clear  why  in  the  N  Is  spectrum  the  gaussian  peak  associated  to  N  atoms  bonded  to  C  atoms 
in  sp^  bonding  state  is  absent.  Measurements  with  as  high  an  energy  resolution  possible  are  needed 
in  order  to  obtain  deconvolutions  as  reliable  as  possible. 

Observed  peaks  in  the  XRD  spectra  correspond  to  interplanar  distances  that  can  not  be 
assigned  neither  to  carbon  phase  nor  to  C3N4  phases.  They  could  be  due  to  a  new  CNx  phase. 
Heating  of  substrate  reduces  the  nitrogen  content  in  the  samples.  It  could  be  explained  by  the 
thermal  desorption  of  CN  radicals. 

From  spectroscopy  studies  we  found  a  strong  correlation  between  the  CN  band  intensities 
and  the  nitrogen  concentration  in  the  deposited  films,  both  increase  with  laser  fluence  and  gas 
pressure.  Moreover,  from  the  study  of  the  optical  emission  spectra  recorded  at  different  distances 
from  the  target,  a  gas-phase  reaction  for  the  CN  radical  formation  can  be  guessed.  On  the  contrary, 
from  the  mass  spectra  analyses  a  nitridation  process  on  the  target  surface  can  be  also  deduced.  In 
fact,  a  high  CN  peak  intensity  is  observed  until  the  already  adsorbed  nitrogen  on  the  target  surface 
is  reacted,  afterwards  the  CN  signal  decreased  and  stabilised  at  a  value  sustained  only  by  the 
nitrogen  adsorbed  between  two  consecutive  laser  pulses^^.  In  case  of  ammonia  atmosphere,  even 
though  we  observed  a  similar  behaviour,  the  CN  mass  peak  was  smaller  and  decreased  just  lightly 
with  the  number  of  laser  pulses.  This  effect  could  be  explained  by  the  less  amount  of  NH3 
molecules  adsorbed  on  the  target  surface.  The  lower  production  of  CN  radical  explains  the 
predominance  of  the  C2  Swan  system  bands  over  the  CN  bands  in  the  optical  emission  spectra 
recorded  during  laser  ablation  of  graphite  in  ammonia.  These  experimental  evidences  of  nitridation 
processes  on  the  target  surface  and  in  gas  phase  do  not  exclude  the  possibility  of  other  nitridation 
processes  in  the  growing  film  substrate. 

5.  CONCLUSIONS 

Carbon  nitride  thin  films  have  been  deposited  on  Si  and  KBr  substrates  by  RPLA  of 
graphite  at  various  gas  pressures  and  at  different  laser  fluences.  The  films  were  relatively  hard  and 
adhesive,  with  a  low  droplet  density.  Furthermore,  they  are  plane  and  without  cracks  or 
corrugations.  Quite  high  values  of  N/C  atomic  ratio  (up  to  0.7)  were  measured  into  films.  The 
quality  of  films  increases  with  gas  pressure  and  laser  fluence.  Heating  of  the  substrates  reduces  the 
nitrogen  concentration  in  the  deposited  films. 

The  simple  method  of  RPLA  of  graphite  target  in  low  pressure  of  nitrogen  results  to  be  a  promising 
technique  for  the  deposition  of  good  quality  carbon  nitride  films  on  substrates  at  room  temperature. 
We  believe  that  the  formation  of  polycrystalline  carbon  nitride  is  closely  related  to  the 
experimental  conditions.  It  therefore  would  be  interesting  to  study  the  effect  of  even  higher  laser 
fluences  (>20  J/cm^ )  on  the  CN  film  properties. 
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ABSTRACT 

Combustion  diagnostics  by  means  of  two-dimensional  Laser  Induced  Fluorescence  (2D-‘LIF)  is  applied  to  a  di¬ 
amond  depositing  oxyacetylene  flame.  The  method  and  results  of  diamond  growth  are  discussed,  as  well  as  the 
2D-LIF  technique.  The  distributions  of  atomic  hydrogen,  CN,  and  C2  in  the  flame  are  presented  together  with  their 
relations  to  diamond  growth. 
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1,  INTRODUCTION 

A  relatively  simple  method  to  make  sufficient  amounts  of  radicals  for  chemical  vapour  deposition  (CVD)  of 
diamond  is  the  use  of  highly  exothermic  reactions  which  take  place  in  for  instance  flames.  Hydrocarbon  flames 
of  various  structures  and  compositions  can  be  used.  This  idea  was  first  utilized  by  Hirose  in  1988,  who  employed 
an  oxyacetylene  combustion  flame  to  deposit  diamond  on  a  cooled  substrate  under  atmospheric  conditions  The 
oxyacetylene  flame  burns  C2H2  with  O2  and  is  the  hottest  hydrocarbon  flame  (  «3000°C)  This  method  was  soon 
picked  up  by  several  other  groups,  and  the  technique  is  now  well  developed  to  deposit  poly  crystalline  diamond  on 
non-diamond  substrates  and  single  crystalline  diamond  layers  on  a  diamond  seed  crystal  which  is  either  of 

natural  origin  or  grown  by  another  CVD  technique. 

In  flame  deposition  of  diamond  the  high  velocity  gas  flow  of  the  flame  normally  impinges  at  normal  incidence 
on  the  cooled  substrate.  This  creates  a  stagnation-point  flow  at  the  surface  where  the  gas  stream  is  deflected 
radially.  The  exact  shape  of  the  gas  stream  profile  depends  on  the  flow  velocity  beyond  the  flame  front  and  on  the 
distance  between  flame  front  and  substrate.  Assuming  chemical  equilibrium  in  the  gas  phase,  its  composition  can  be 
calculated  from  the  flame  feed  stock  gases,  which  shows  CO,  H2,  H,  and  C2H2  to  be  the  major  species  beyond  the 
flame  front  In  these  calculations  the  temperature  is  assumed  to  be  constant  throughout  the  flame,  only  decreasing 
linearly  in  a  thin  boundary  layer  above  the  substrate.  The  major  species  react  with  the  other  species  present  in 
the  flame  and  the  temperature  profile  and  the  transport  of  important  species  like  atomic  hydrogen  towards  the 
substrate  can  be  calculated,  taking  hydrodynamic  gas  phase  properties  like  density  and  viscosity  into  account 
These  results  are  given  only  for  one  fixed  set  of  deposition  conditions,  but  recently  species  and  temperature  profiles 
and  the  corresponding  diamond  growth  rate  and  quality  have  been  calculated  for  various  sets  of  growth  conditions 
in  the  laminar  oxyacetylene  flame,  agreeing  reasonably  well  to  empirical  results 

The  possible  mechanism  of  the  diamond  growth  process  on  the  surface  is  depicted  in  figure  1.  The  top  layer  of 
carbon  atoms  is  connected  to  the  diamond  bulk  below  and  their  remaining  bonds  are  either  dangling  or  terminated 
by  hydrogen  atoms.  These  adsorbed  hydrogen  atoms  can  be  etched  away  by  gas  phase  atomic  hydrogen,  forming  gas 
phase  H2,  which  leaves  a  free  site  on  the  surface.  At  such  a  site  CH3,  which  is  thought  to  be  an  important  growth 
species,  may  stick  to  one  surface  carbon  atom  and,  after  one  or  more  of  its  hydrogen  atoms  have  been  desorbed,  to  a 
neighbouring  one  as  well.  Like  hydrogen  atoms,  CN  and  OH,  if  present,  are  considered  to  be  important  for  hydrogen 
abstraction  from  the  surface.  Apart  from  CH3,  the  growth  species  may  include  CH,  C2,  and  CN,  molecules  often 
present  in  flames. 

The  exact  deposition  mechanism,  however,  is  not  well  known  and  the  two-dimensional  Laser  Induced  Fluorescence 
(LIF)  technique  is  used  to  shed  some  extra  light  on  the  flame  processes  and  obtain  relations  between  the  gas  phase 
and  the  diamond  layer  characteristics,  such  as  growth  rate,  morphology,  and  nitrogen  incorporation.  The  LIF 
method  is  applied  because  of  its  species  specificity,  high  spatial  resolution,  non-intrusiveness,  and  high  sensitivity. 
In  combination  with  a  pulsed  laser  and  a  CCD  (charge  coupled  device)  camera  both  laminar  and  turbulent  flames 
are  studied  in  detail.  The  obtained  information  elucidates  the  role  of  flame  species  and  their  importance  (or 
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Figure  1:  Schematic  representation  of  a  possible  diamond  growth  mechanism.  Some  species  present  in  the  oxyacety- 
lene  flame  are  indicated. 


unimportance)  for  diamond  growth.  The  relations  between  diamond  growth  and  flame  characteristics  can  be  used 
as  a  monitor  in  the  growth  process,  enabling  fast  feedback  to  obtain  diamond  layers  with  properties  closer  to  desired 
for  industrial  applications,  and  reveal  which  parameters  are  important  for  upscaling  the  deposition  area,  another 
(economic)  aspect  of  industrial  application  of  flame  growth  of  diamond. 

2.  EXPERIMENTAL  SETUP 

The  experimental  setup  for  diamond  growth  combined  with  LIF  detection  during  deposition  is  depicted  in  figure 
2.  Exact  experimental  details  are  described  in  previous  studies  on  H,  C2,  CH,  CN,  and  OH  but  important 

parameters  and  their  typical  values  are  given  here.  The  acetylene  supersaturation  Sac  is  important  during  diamond 
deposition,  which  is  why  both  the  oxygen  and  acetylene  flows  are  regulated  by  mass  flow  controllers.  The  burner 
orifice  diameter  is  1.4  mm  and  the  oxygen  flow  is  3.0  standard  liters  per  minute.  Diamond  growth  can  take  place 
on  the  substrate,  positioned  in  the  acetylene  feather,  for  0  <  Sqc  <  9%.  For  Sac  ^  9%  the  deposit  will  not  contain 
diamond  anymore,  but  mostly  amorphous  carbon.  In  most  experiments  Sac=5%  is  used,  resulting  in  an  acetylene 
flow  of  ^2.5  SLM. 

The  substrate  consists  of  a  thin  (0.5  mm)  molybdenum  square  soldered  to  a  molybdenum  holder.  The  substrate 
is  cooled  from  below  by  a  pulsed  water  nozzle,  which  is  regulated  by  a  thermocouple  located  2.5  mm  beneath  the 
centre  of  the  substrate  surface.  The  thermocouple  temperature  Tg  is  kept  at  900±1  °C,  resulting  in  a  deposition 
temperature  T^  at  the  substrate  surface  of  1050±20  ®C.  Prior  to  deposition  the  molybdenum  substrate  is  scratched 
with  micrometre  sized  diamond  powder  to  enhance  nucleation  and  adhesion  to  the  substrate  of  the  diamond  layer 
to  be  grown. 

Apart  from  Sqc  and  T^,  the  distance  d  between  the  tip  of  the  flame  front  and  the  substrate  (indicated  in  figure  2) 
is  a  main  parameter  in  determining  the  characteristics  of  the  obtained  diamond  layer.  Typical  values  of  d  are  between 
0.5  and  3  mm,  where  short  distances  result  in  a  high  central  maximum  in  the  diamond  growth  rate  (which  can 
be  more  than  150  /xm/h)  and  larger  distances  yield  a  central  valley  surrounded  by  an  annulus  of  enhanced  growth. 
Diamond  layers  deposited  at  a  distance  d  of  1  to  2  mm  reveal  in  their  centre  a  continuous  area  of  uniform  thickness 
and  well  connected  randomly  oriented  {111}  and  {100}  facets.  The  diameter  of  this  region  is  4  -  5  mm.  A  photograph 
showing  an  entire  diamond  layer,  deposited  with  a  laminar  flame  at  the  somewhat  larger  distance  d=4.04  mm,  is 
given  in  figure  3a^.  At  distances  d  larger  than  about  3  mm  a  so  called  core  zone  of  «2.0  mm  0  develops  in  the 
centre.  In  this  core  zone  the  crystallites  mainly  reveal  {111}  facets  and  are  often  much  smaller  than  in  the  rest 
of  the  centre.  They  also  show  a  large  amount  of  secondary  nucleation,  as  can  be  seen  in  figure  3b,  which  gives  a 
scanning  electron  microscope  (SEM)  photograph  of  the  core  zone.  The  large  crystallites  in  this  photograph,  which 
are  of  normal  size,  are  interspersed  with  many  much  smaller  ones.  This  is  why  the  core  zone  appears  slightly  darker 
than  the  surrounding  central  region  in  figure  3a. 

^Photographs  of  diamond  layers  deposited  at  smaller  distances  are  given  in  references  ^nd  but  the  general  description  is 
identical. 
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Figure  2:  Schematic  representation  of  the  diamond  growth  and  LIF  detection  setup.  MFC  =  mass  flow  controllers, 
SHG/THG  =  second/third  harmonic  generation  (if  applicable),  PB  =  Pellin-Broca  prism,  I/I  =  image  intensifier, 
CCD  =  charge  coupled  device  camera.  The  distance  d  between  the  substrate  and  the  tip  of  the  flame  front  is 
indicated. 


Figure  3:  Photographs  revealing  the  morphology  of  a  diamond  layer,  deposited  by  a  laminar  flame  at  d=4.04  mm. 
(a)  Normal  photograph,  showing  the  entire  layer;  various  regions  are  indicated.  The  slight  spherical  asymmetry  is 
caused  by  an  irregularity  in  the  burner  tip.  (b)  SEM  photograph  of  the  core  zone^  showing  normal-sized  crystallites 
embedded  in  many  much  smaller  ones.  The  scale  bar  is  10  fim  long,  (c)  Transition  zone,  revealing  a  highly  {100} 
textured  region,  beyond  the  annulus  of  enhanced  growth  (which  is  located  outside  the  upper  right-hand  corner  of 
the  image) .  At  the  left-hand  side  the  small  crystallites  of  the  diamond  layer  edge  become  visible.  The  scale  bar  is 
100  /xm  long. 


Outside  the  centre  an  annular  region  of  enhanced  growth  is  observed,  where  the  morphology  is  markedly  different. 
This  annulus  typically  exhibits  large  columnar  crystallites,  separated  by  voids  or  embedded  in  an  amorphous  layer, 
which  frequently  have  {100}  top  facets  almost  parallel  to  the  substrate.  In  figure  3a  it  appears  darker  than  the 
centre  due  to  a  lower  density  of  reflecting  facets.  Outside  the  annulus  of  enhanced  growth  a  sharp  transition  zone  is 
generally  found,  which  is  only  0.1  -  0.2  mm  wide  and  can  exhibit  a  continuous,  highly  {100}  textured  morphology. 
A  SEM  photograph  of  this  is  shown  in  figure  3c:  morphologies  like  this  are  of  interest  to  many  applications  of 
polycrystalline  diamond  layers.  Beyond  this  transition  zone  the  morphology  resembles  that  of  the  central  area,  with 
the  size  of  the  crystallites  rapidly  diminishing  towards  the  edge  of  the  diamond  layer.  The  reflectivity  of  the  outer 
edge  is  smaller,  owing  to  the  vanishing  crystallite  size. 

After  growth  the  deposited  diamond  layers  are  characterized  by  optical  differential  interference  contrast  mi¬ 
croscopy  (DICM),  scanning  electron  microscopy  (SEM),  Raman  spectroscopy,  and  cathodoluminescence  topography 
(CL),  which  technique  reveals  information  about  the  incorporation  of  nitrogen  into  the  diamond  layer.  The  diamond 
layer  thickness  is  determined  by  focusing  the  optical  microscope  with  an  accuracy  of  ±2  /xm  at  different  locations 
of  the  layer. 


3.  LASER  INDUCED  FLUORESCENCE 

Figure  2  depicts  how  the  LIF  technique  is  applied  to  the  oxyacetylene  flame  during  the  deposition  of  diamond. 
The  second  or  third  harmonic  of  a  Nd:YAG  laser  is  used  to  pump  a  dye  laser.  The  output  of  the  dye  laser  (5 
ns  laser  pulses  with  a  repetition  frequency  of  10  Hz)  is  directed  to  the  flame  and  passes  through  the  cylindrical 
telescope.  If  necessary,  the  frequency  of  the  dye  laser  is  doubled  in  a  birefringent  crystal  and  can  be  mixed  in  a 
second  birefringent  crystal  to  obtain  the  third  harmonic.  The  wavelengths  are  then  separated  in  a  Pellin-Broca  prism 
and  the  undesired  wavelengths  are  dumped.  Fluorescence  is  collected  by  a  charge  coupled  device  (CCD)  camera 
equipped  with  an  image  intensifier,  with  an  appropriate  filter  in  front  of  it,  and  the  signals  are  digitized  by  and  can 
be  further  processed  on  a  personal  computer.  The  exposure  time  of  the  image  intensifier  is  typically  20  ns.  This  is 
long  enough  to  capture  the  LIF  signal  and  short  enough  to  reduce  the  natural  emission  of  the  flame  considerably, 
which  is  important  when  studying  bright  flames  such  as  the  oxyacetylene  flame. 

In  order  to  select  the  optimum  excitation  and  detection  wavelength  for  making  LIF  images  of  flame  species,  first 
their  excitation  and  dispersed  fluorescence  spectra  have  to  be  recorded.  A  useful  tool  for  doing  so  is  an  optical 
multichannel  analyzer  (OMA).  It  is  constructed  by  removing  the  exit  slit  of  a  monochromator  (Jobin  Yvon  M25, 
600  g/mm,  resolution  1  nm)  and  placing  the  CCD  camera  without  any  optics  directly  behind  it.  A  spherical  lens  is 
used  to  create  a  1:1  image  of  the  laser  beam  trajectory  through  the  flame  on  the  entrance  slit  of  the  monochromator. 
In  this  way  a  CCD  image  contains  spatial  information  on  one  axis  and  dispersed  wavelength  information  on  the 
other.  The  resulting  resolution  is  about  0.25  nm  per  pixel,  which  corresponds  to  a  total  range  of  70  nm  viewed  in 
an  image.  An  example  of  this  is  shown  in  figure  4,  where  656  nm  atomic  hydrogen  fluorescence  (Balmer  a)  is  visible 
after  two-photon  excitation  at  205  nm,  together  with  the  second  order  NO  fluorescence  at  607  and  639  nm.  This 
NO  fluorescence  stems  from  the  one-photon  A^T*^{v'=^2)  X^n(u"— 0)  transition  of  NO  (7  system)  at  205  nm 

which,  as  a  pure  coincidence,  is  excited  simultaneously  with  the  Lyman  transition  in  atomic  hydrogen,  and  results 
in  v*=2  “>  u"=6  -  10  fluorescence  between  263  and  320  nm.  From  figure  4  it  is  clear  that  atomic  hydrogen  is  present 
from  the  centre  of  the  flame  to  at  least  4  mm  outside,  whereas  NO  is  only  present  beyond  2  mm  from  the  centre. 
Using  the  OMA  it  is  possible  to  obtain  an  excitation  spectrum  and  a  dispersed  fluorescence  spectrum  simultaneously 
during  a  single  wavelength  scan  of  the  laser.  For  this  purpose  a  column  of  width  Ax  of  an  OMA  image  (figure  4)  is 
integrated  in  x-direction  and  stored  as  a  single  line.  This  is  repeated  continuously  while  the  laser  wavelength  Xexc 
is  scanned.  The  resulting  image  gives  Xdisp  versus  Xexc- 

A  review  of  the  species  detected  by  LIF  in  the  oxyacetylene  flame  during  dicimond  growth  is  given  in  table  1.  All 
transitions  can  be  excited  by  a  dye  laser,  using  its  second  or  third  harmonic  if  necessary.  Only  for  NO  excitation 
at  193  nm  a  tunable  ArF  excimer  laser  is  used.  For  detection  of  atomic  hydrogen  the  third  harmonic  of  615  nm 
dye  laser  radiation  is  used,  which  is  separated  from  the  second  harmonic  and  the  fundamental  frequency  by  the 
Pellin-Broca  prism  (see  figure  2) .  The  LIF  signal  is  proportional  to  the  population  density  in  the  lower  state  of  the 
species  of  interest.  Determining  this  proportionality  constant,  id  est  quantification  of  the  LIF  signal,  suffers  from 
several  problems  if  the  LIF  method  is  used  in  atmospheric  pressure  flames.  Due  to  collisions  of  the  excited  species 
with  neighbouring  species  in  the  flame,  part  of  the  fluorescence  is  quenched. 

The  spatial  variation  of  the  temperature  is  one  of  the  intriguing  aspects  of  the  oxyacetylene  flame  during  diamond 
deposition.  In  order  to  investigate  the  temperature  distribution  in  the  flame,  excitation  spectra  of  the  C2  Av=2 
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Figure  4:  OMA  image  of  atomic  hydrogen  fluorescence  (656  nm)  and  second  order  NO  fluorescence  (607  and  639 
nm)  after  excitation  at  205  nm  with  one  (NO)  or  two  (H)  photons.  The  line  at  615  nm  is  due  to  scattered  light 
of  the  dye  laser  fundamental  wavelength.  The  signal  around  a;=0  mm  consists  of  natural  emission  of  the  flame 
and  non- resonant  fluorescence.  Recorded  with  a  0.05  mm  wide  entrance  slit.  Intensities  are  represented  on  a  gray 
scale  from  black  to  white  (to  make  the  features  stand  out  more  clearly,  low  intensities  are  suppressed  in  this  image, 
whereas  medium  intensities  axe  enhanced). 


Species 

Transition 

Aexc  (^ni) 

H 

n=3 

■(- 

n=l 

2x205 

Lyman  ^ 

NO 

D^S+(t;'=0) 

x2n(D"=i) 

193 

£  bands 

A^S+(t;'=2) 

X2n(i;"=0) 

205 

7  bands 

OH 

A^Ii+{v'=3,) 

<<- 

x^n  (r"=o) 

248 

3064  A  bands 

A=S+(d'=1) 

X^n  (t;"=0) 

282 

A^S+(t)'=0) 

X^n  (t;"=0) 

308 

C2 

C>n,(i;'=2) 

A*nu(t;"=0) 

340 

Des.  -  d’A.  bands 

CN 

B^i;+(i;'=l) 

X2s+(tj"=0) 

359 

Violet  bands 

CH 

B^S-(t;'=0) 

i- 

X^n(t;"=0) 

393 

3900  A  bands 

C2 

d^Ilg{v'=2) 

a®n„(i;"=0) 

438 

Swan  bands 

d^Ug{v'=0) 

a3n„(t;"=2) 

619 

d^llg{v'=0) 

a®n„(t;"=3) 

686 

Table  1:  Species  detected  by  LIF  during  diamond  growth  and  their  excitation  wavelengths 
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Figure  5:  C2  LIF  image  during  diamond  growth  showing  the  locations  at  which  excitation  spectra  are  recorded 
simultaneously  (x=0  [A,  B],  x=1.22  mm  [C],  a:=2.68  mm  [D],  and  i/=2.22  mm  [A,  C],  y=0.38  mm  [B,  D]).  Intensities 
are  given  on  a  linear  gray  scale  and  dimensions  are  in  mm. 


Figure  6:  C2  excitation  spectra.  Upper  part:  observed  spectra  A  and  D  (from  figure  5);  lower  part:  spectrum 
calculated  for  T=2500K.  All  spectra  are  normalized  at  the  (2,0)  bandhead. 


Swan  band  have  been  recorded  simultaneously  at  four  different  positions  in  the  flame  during  diamond  deposition. 
The  spectra  are  collected  in  square  areas  of  0.20x0.20  mm^,  the  location  of  which  is  shown  in  figure  5.  All  spectra 
are  normalized  at  the  (2,0)  bandhead.  The  relative  intensities  in  spectrum  D  of  higher  rotational  and  vibrational 
levels  are  larger  than  in  spectrum  A,  indicating  the  temperature  in  location  D  may  be  higher.  A  measure  of  the 
temperature  can  be  obtained  when  the  relative  intensity  of  the  (2,0)  bandhead  is  compared  to  that  of  for  instance  the 
line  consisting  of  the  overlapping  Pi  (45),  p2(44),  and  P3(43),  and  the  two  neighbouring  lines,  as  indicated  in  figure  6. 
The  small  background  between  these  lines  (maybe  due  to  the  R  branch  becoming  important  at  elevated  temperatures 
or  to  a  non-resonant  signal)  is  subtracted  and  the  quenching  of  fluorescence  is  assumed  to  be  independent  of  the 
rotational  level  involved.  Spectrum  A  then  yields  a  temperature  of  2300K,  whereas  D  has  an  apparent  temperature 
of  2900K  (spectrum  B  gives  2800K  and  spectrum  C  yields  2400K),  with  an  uncertainty  of  about  800K.  If,  however, 
the  intensity  of  the  (3,1)  bandhead  is  compared  to  that  of  the  (2,0)  bandhead,  the  resulting  temperatures  are  lower: 
1700,  2200,  2100,  and  2500  (again  ±800K)  for  A,  B,  C,  and  D,  respectively.  This  may  indicate  that  there  is  no 
thermal  equilibrium  between  rotation  and  vibration,  the  rotational  temperature  being  higher.  In  contrast  to  what 
is  expected,  the  temperature  closer  to  the  substrate  appears  to  be  higher  than  at  the  flame  front,  which  has  the 
lowest  apparent  temperature  of  the  recorded  spectra. 

From  these  results  it  may  be  concluded  that  the  model  which  is  used  to  derive  temperatures  from  the  observed 
spectra  is  not  good  enough.  Apparently  the  quenching  does  depend  on  the  rotational  level  the  C2  molecule  is  in, 
and  this  in  such  a  way  that  the  rotational  dependence  seems  to  invert  from  spectrum  A  to  D:  the  quenching  rate 
appears  to  increase  for  high  rotational  levels  in  spectrum  A,  whereas  an  apparent  decrease  is  found  in  spectrum  D, 
Yet  one  useful  fact  arises  from  the  simultaneous  spectral  measurements:  the  spectra  and  apparent  temperatures  at 
the  locations  B  and  D,  both  close  to  the  substrate,  reveal  only  slight  differences,  indicating  the  lateral  gas  phase 
temperature  variation  just  above  the  substrate  may  be  small. 

The  effects  of  temperature  variations  within  the  atmospheric  pressure  oxyacetylene  flame  on  the  LIF  signals  are 
shown  above  to  be  complex  and  are  therefore  not  taken  into  account  in  the  results  described  below.  But  many 
results  given  concern  relative  densities  in  a  layer  parallel  and  close  to  the  substrate,  where  the  temperature  is  not 
expected  to  vary  very  much.  Hence  the  conclusions  drawn  from  these  results  will  not  be  affected  much  by  neglecting 
temperature  effects. 


4.  RESULTS  AND  DISCUSSION 

The  distribution  of  C2  in  the  flame  during  diamond  deposition  is  shown  in  figure  5.  The  distance  d  between  the 
tip  of  the  flame  front  and  the  substrate  is  2.22  mm.  The  laser  beam  extends  from  the  substrate  to  about  4  mm 
above  it.  Since  the  background  is  subtracted,  the  upper  part  of  the  flame  front  (total  length  «6  mm)  is  not  visible 
in  figure  5.  From  this  figure  it  is  clear  that  C2  is  present  in  the  acetylene  feather  and  that  the  maximum  signal  is 
found  at  the  flame  front.  In  the  acetylene  feather  the  C2  signal  is  more  or  less  constant,  but  close  to  the  substrate 
it  drops  markedly,  yet  it  is  still  readily  detectable. 

An  example  of  the  CN  LIF  signal  is  given  in  figure  7a.  If  compared  to  figure  5,  it  is  evident  that  CN  is  located 
at  the  edge  of  the  acetylene  feather  and  that  it  is  not  found  at  or  close  to  the  flame  front.  This  may  be  explained 
by  a  mechanism  in  which  the  CN  is  formed  from  carbon  containing  species  from  inside  the  flame  and  nitrogen 
containing  species  from  outside  the  flame.  Because  the  flame  is  fuel-rich,  the  acetylene  combustion  is  incomplete  and 
species  containing  one  or  more  carbon  atoms  are  ubiquitous  at  and  beyond  the  flame  front,  N2  from  the  ambient 
air  is  entrained  by  the  gas  flow  of  the  flame  and  diffuses  into  the  acetylene  feather,  where  it  may  be  decomposed  by 
thermal  dissociation  or  reactions  with  radicals  in  the  acetylene  feather. 

Figure  7b  shows  the  distribution  of  atomic  hydrogen  LIF  signal  in  the  first  two  millimetres  above  the  substrate. 
Comparison  with  figures  5  and  7a  reveals  H  to  be  present  inside  as  well  as  outside  the  acetylene  feather.  Measurements 
at  various  heights  of  the  laser  beam  in  the  flame  show  that  H  LIF  signal  is  also  found  at  the  flame  front,  where 
it  is  created.  Atomic  hydrogen  diffuses  rapidly  throughout  the  flame  and  is  consumed  outside  the  acetylene  feather 
by  reactions  with  ambient  air.  Both  the  images  of  C2  and  H  LIF  are  recorded  at  relatively  large  distances  d  and  in 
both  cases  a  central  minimum  can  be  discerned  in  the  LIF  signal  close  to  the  substrate. 

In  order  to  study  the  species  distribution  close  to  the  substrate  in  more  detail,  horizontal  profiles  are  taken  from 
LIF  images  obtained  at  various  distances  d.  Figure  8  shows  horizontal  profiles  of  the  C2,  CN,  and  H  LIF  signals, 
for  each  species,  one  at  a  relatively  small  distance  d  and  one  at  a  relatively  large  distance.  Also  shown  in  this 
figure  is  the  lateral  variation  of  the  growth  rate  Vd  of  the  corresponding  diamond  layers,  which  is  measured  along 
the  path  of  the  laser  beam.  The  behaviour  of  the  H  and  C2  profiles  is  similar:  for  small  distances  d  a  clear  central 
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Figure  7:  (a)  CN  LIF  signal  and  (b)  H  LIF  signal  during  diamond  deposition  in  the  flame  (linear  gray  scale  in 
arbitrary  units,  ranging  from  black  (zero)  to  white  (maximum)).  Natural  emission  of  the  flame  is  superimposed 
(isophotes,  representing  equal  intensity  difference  steps).  The  distance  between  flame  front  and  substrate  is  d=0.55 
mm  (a)  and  d— 3.05  mm  (b).  The  images  are  corrected  for  the  vertical  intensity  distribution  of  the  laser  beam  (the 
noisy  uppermost  part  is  removed  for  reasons  of  clarity).  The  substrate  and  the  burner  tip  are  indicated  in  gray,  the 
crosshatched  area  depicts  the  diamond  deposition  region,  and  dimensions  are  in  mm. 


Figure  8:  Horizontal  profiles  of  the  C2  (left),  CN  (centre),  and  H  (right)  LIF  signals  (solid  lines)  compared  to  the 
variation  of  the  growth  rate  va  (diamonds)  of  the  corresponding  diamond  layer,  as  measured  along  the  path  of  the 
laser  beam. 
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maximum  is  found  and  the  LIF  signal  decreases  more  or  less  linearly  with  radial  distance,  and  for  large  distances 
the  central  maximum  is  substituted  by  a  central  minimum,  as  already  discussed  above.  The  presence  of  atomic 
hydrogen,  however,  extends  radially  further  than  that  of  C2. 

The  general  behaviour  of  Ud  as  a  function  of  d  is  already  discussed  above.  In  figure  8  the  annulus  of  enhanced 
growth  is  clearly  visible  in  the  variation  of  Ud,  When  Va  is  compared  to  the  radial  distribution  of  H  LIF  signal  close 
to  the  substrate,  it  is  striking  that  both  show  a  very  similar  radial  behaviour  from  the  centre  all  the  way  to  the  edge 
of  the  diamond  layer,  if  the  annulus  of  enhanced  growth  is  not  taken  into  account.  The  good  agreement  between  the 
H  distribution  close  to  the  substrate  and  Vd  (apart  from  the  annulus  of  enhanced  growth)  indicates  the  importance 
of  atomic  hydrogen  to  the  deposition  rate  of  the  diamond  layer,  which  has  already  been  studied  elaborately  in  theory 
9, 17, 18, 19,  20,  21,  22  gf  diamond  layer  atomic  hydrogen  is  still  found  in  measurable  quantities,  but 

diamond  growth  here  is  limited  by  the  lack  of  carbon  containing  species.  The  correspondence  between  the  C2  profiles 
and  Vd  is  similar  to  that  of  atomic  hydrogen,  although  it  is  limited  to  a  smaller  area.  The  resemblance  indicates 
that  C2  may  be  important  for  the  diamond  growth  rate  in  the  centre  of  the  deposited  layer  ^2,  which  agrees  to  the 
role  of  C2  as  a  diamond  precursor,  as  put  forward  by  Gruen  and  co-workers 

Inspection  of  figure  8  shows  that  Vd  drops  much  less  rapidly  with  increasing  distance  d  in  the  annulus  of  enhanced 
growth  than  in  the  centre  of  the  diamond  layer.  In  addition  to  this,  the  annulus  of  enhanced  growth  and  the  transition 
zone  just  outside  it  reveal  a  large  fraction  of  {100}  facets  parallel  to  the  substrate,  compared  to  the  centre  and  the 
outer  edge  of  the  diamond  layer,  as  described  above  and  in  These  observations  are  strong  indications  that 

the  growth  mechanism  in  the  annulus  is  different  from  elsewhere  in  the  deposited  diamond  layer.  The  fact  that  the 
maxima  in  the  horizontal  CN  profiles  coincide  with  the  annulus  of  enhanced  growth  therefore  indicates  that  CN  or 
a  closely  related  species  (only  one  or  two  reaction  steps  away)  may  be  important  in  the  diamond  growth  process  in 
the  annulus,  regarding  both  the  morphology  and  the  local  growth  rate.  The  influence  of  CN  (or  a  closely  related 
species)  on  the  growth  rate  may  be  explained  by  the  possibilities  of  CN  and  HCN  to  abstract  adsorbed  hydrogen 
from  the  growing  diamond  surface  which  creates  free  growth  sites  and  may  increase  the  local  growth  rate. 

The  preferential  formation  of  {100}  facets  parallel  to  the  substrate  in  and  close  to  the  annulus  of  enhanced  growth 
may  also  be  related  to  the  presence  of  CN  or  a  closely  related  species,  since  similar  morphologies  have  been  observed 
upon  nitrogen  addition  to  flame  and  other  diamond  growing  CVD  systems  in  which  studies  also 

the  positive  effect  of  nitrogen  addition  to  the  diamond  growth  rate  is  described. 

After  growth  the  diamond  layers  are  examined  by  CL  to  study  the  incorporation  of  nitrogen  as  nitrogen- vacancy 
pairs  into  the  diamond  lattice.  Depending  on  the  distance  d  between  flame  front  and  substrate  and  the  exact 
composition  of  the  acetylene  and  oxygen  source  gases,  the  nitrogen  incorporation  in  the  centre  of  the  diamond  layer 
is  medium  to  completely  absent,  but  in  the  annulus  of  enhanced  growth  always  a  maximum  nitrogen  incorporation 
is  found  This  can  be  explained  by  diffusion  and  subsequent  thermal  decomposition  of  ambient  N2  in  the 

flame:  outside  the  acetylene  feather  the  temperature  is  too  low  for  N2  decomposition  and  close  to  the  flame  axis 
the  diffusion  of  nitrogen  decreases,  resulting  in  a  maximum  amount  of  reactive  nitrogen  at  the  location  where  CN 
is  found,  id  est  above  the  annulus  of  enhanced  growth.  The  CN  LIF  signal  can  therefore  be  used  as  an  indicator  for 
nitrogen  incorporation  into  the  diamond  layer  during  the  flame  growth  process. 

5.  CONCLUSIONS 

Flame  deposition  of  diamond  by  the  oxyacetylene  flame  is  a  relatively  simple  and  fast  technique  to  grow  diamond 
layers.  Yet  the  exact  growth  mechanism  is  not  well  known  and  therefore  the  method  of  (two-dimensional)  Laser 
Induced  Fluorescence  is  applied  to  the  flame  during  diamond  growth.  LIF  is  a  powerful  and  highly  sensitive  technique 
to  obtain  information  about  molecular  density  distributions  in  combustion  processes,  allowing  visualization  of  one 
or  more  species  during  a  single  laser  pulse.  Although  quantification  of  the  LIF  signal  is  hampered  by  collisional 
quenching,  the  obtained  signals  of  H,  C2,  and  CN  reveal  much  information  about  the  diamond  growth  process. 
Relations  are  observed  between  the  distributions  of  these  three  species  in  the  flame  and  the  growth  rate,  morphology, 
and  nitrogen  incorporation  of  the  diamond  layers.  These  relations  may  also  be  used  for  upscaling  and  real-time 
control  of  the  flame  deposition  process. 
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ABSTRACT 

Nanosize  powders  of  A^  was  successfully  synthesized  by  pulsed  laser  ablation.  The  target  can  be 
either  At  or  A^,  with  ambient  gas  nitrogen.  With  A^  targets,  typical  powder  diameters  were  in  the  range 
of  l.S-^15  nm.  In  order  to  study  the  process  of  powder  formation,  we  have  used  a  high-speed  camera  and 
a  time-resolved  spectrum  analyzing  system  to  investigate  the  behaviour  of  the  ablation  plasma  and  the  ion 
species  in  the  plasma.  For  the  diagnostic  experiments,  the  target  was  Pd  and  the  ambient  gas  was  oxygen. 

Keywords:  nanosize  powder,  pulsed  laser  ablation,  aluminum  nitride,  ablation  plasma,  plasma 
spectroscopy,  high-speed  photography,  ceramics,  specific  surface-area 

1.  INTRODUCTION 

Nanosize  powders  have  a  very  large  specific  surface  area.  For  this  reason,  nanosize  powders  of 
many  kinds  of  material  have  specific  magnetic,  optical,  chemical  and  sintering  properties.^  These 
properties  have  made  nanosize  powders  very  interesting  in  applications  such  as  magnetic  media,  catalysts, 
gas  sensors,  and  other  industrial  fields. 

Aluminum  nitride  (A^  powders  are  industrially  interesting  since  A^  is  expected  to  be  used  as 
the  substrate  material  for  semiconductor  circuits,  replacing  the  presently  used  aluminum  oxide  (AI2O3). 
A/N  is  advantageous  compared  to  AI2O3  because  it  has  a  higher  thermal  conductivity  and  a  thermal 
expansion  coefficient  closer  to  that  of  silicon.  However,  Afl^  is  more  difficult  to  sinter  than  AI2O3.  This 
problem  is  expected  to  be  solved  by  using  Atf4  nanosize  powders. 

Nanosize  powders  can  be  produced  by  using  the  chemical  method.^  With  this  method,  nanosize 
powders  can  be  produced  in  large  amounts,  but  the  purity  is  rather  poor.  It  has  been  realized  that  the 
purity  of  nanosize  powders  obtained  by  this  method  is  hardly  improved  due  to  its  reliance  on  chemical 
reactions.  In  recent  years,  physical  mediods  such  as  pulsed  laser  ablation^’^  and  pulsed  ion  beam 
evaporation*'”  have  been  developed  for  the  production  high  purity  nanosize  powders. 

In  this  paper  we  report  our  recent  results  on  nanosize  powder  production  by  using  pulsed  laser 
ablation  and  the  results  of  related  plasma  diagnostics.  The  characteristics  of  A^  powders  are  analyzed  by 
XRD  (x-ray  diffiaction),  TEM  (fransmission  electron  microscope)  and  surface  area  measurement.  The 
plasma  diagnostics  are  also  carried  out  by  using  a  high-speed  camera  and  a  time-resolved  spectrum 
analyzing  system. 

♦Present  address;  Laboratory  of  Beam  Technology,  Nagaoka  University  of  Technology,  Nagaoka,  Niigata  940-21,  J^)an 


SPIE  Vol.  3405  •  0277-786X/98/$10.00 


153 


CO  CO 


Fig.  1  Principle  of  nanosize  powder  production, 


2.  EXPERIMENTAL  SETUP 

Figure  1  shows  the  basic  principle  of  synthesizing  nanosize  powders  by  using  the  pulsed  laser  ablation 
method.  When  the  high  power  laser  beam  is  irradiated  on  the  target,  the  target  surface  is  heated  to  high 
temperature  due  to  very  high  energy  density  of  the  laser  beam.  It  is  vaporized,  partially  ionized  and 
expands  into  the  surrounding  space.  If  the  surrounding  space  is  filled  with  gas,  the  ablated  materials 


Fig.  2  Experimental  setup. 
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will  be  cooled  by  the  interaction  with  the  gas  molecules.  The  uniform  solidification  of  the  materials 
results  in  nanosize  powders. 

Figure  2  shows  the  schematic  of  experimental  setup.  A  Q-switched  Nd;YAG  laser  (1.064  ixm,  7 
ns,  10-16  J/cm^)  was  used  to  ablate  the  aluminum  target  with  an  angle  of  45  degree  to  the  target  surface. 
Throughout  the  experiments,  the  ambient  gas  was  flowing  with  the  speed  of  INf/min  (2.0  kg/cm^)  and  the 
target  was  being  rotated  to  avoid  the  concentrated  damage.  At  the  outlet  of  the  gas  flow,  a  membrane 
filter  is  located  to  collect  the  powder  produced. 

3.  EXPERIMENTAL  RESULTS 
3.1  Production  of  A^N  nanosize  powders 

Nanosize  powders  was  produced  by  pulsed  laser  ablation  method.  The  target  was  aluminum 
(99.5  %  in  purity)  and  the  ambient  gas  was  nitrogen  (99.9999  %  in  purity).  The  pressure  of  the  ambient 
gas  was  varied  fi'om  10  to  500  Torr. 

Figure  3  shows  FE-SEM  (field-emission  scanning  electron  microscope)  photographs  of  the  powders. 
Figures  3(a),  3(b),  and  3(c)  show  the  samples  obtained  with  nitrogen  pressure  of  60,  200,  and  500  Torr, 
respectively.  It  is  seen  fi-om  these  photographs  that  the  produced  particles  are  smaller  than  1  pm. 

Figure  4  shows  the  typical  result  of  XRD.  In  Fig.  4,  the  diffraction  peaks  of  SUS  (stainless  steel) 
originate  from  the  steel  mesh  that  was  used  as  the  supporter  of  the  particles  in  the  XRD  analysis.  We 
see  from  Fig.  4  that,  with  nitrogen  pressure  lower  than  60  Torr,  the  particles  are  aluminum  or  a  mixture  of 
aluminum  and  aluminum  nitride.  When  the  pressure  is  higher  than  100  Torr,  however,  the  particles  are 
pure  aluminum  nitride. 


Fig.  3  FE-SEM  photographs  of  the 
powders,  obtained  with  nitrogen 
pressure  of  a)  60  Torr,  b)200 
Torr,  and  c)  500  Torr. 
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Intensity  (arb.  units) 


Fig.  5  TEM  photograph  of  particles  obtained  at  nitrogen  pressure  of  200  Torr. 
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Fig.  6  Particle  size  distribution  obtained  from  Fig.  5. 


Figure  5  shows  the  TEM  photograph  of  the  particles  obtained  at  nitrogen  pressure  of  200  Torr. 
The  particle  sizes  are  seen  to  be  -  10  nm.  Furthermore,  some  particles  are  seen  to  be  hexagonal,  which 
is  consistent  with  the  hexagonal  structure  of  the  AfN  crystal. 

Figure  6  shows  the  particle  size  distribution  obtained  from  Fig.  5.  It  is  seen  that  all  particles  are 
smaller  than  25  nm,  and  the  average  particle  size  is  -  1 1  nm. 

Figure  7  shows  the  dependence  of  the  average  particle  size  on  the  pressure  of  the  ambient  nitrogen 
gas,  where  the  AiN  bulk  was  used  as  the  target.  The  average  particle  sizes  were  obtained  from  the 
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Fig.  7  Dependence  of  average  particle  size  on  nitrogen  pressure. 
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results  of  surface  area  measurement.  All  powders  obtained  at  different  pressures  were  identified  as  A^N 
by  XEID.  It  is  seen  from  Fig.  7  that  the  particle  size  increases  with  the  nitrogen  pressure  when  the 
pressure  is  below  100  Torr  and  decreases  when  the  pressure  is  between  100  and  500  Torr. 

3.2  Diagnostics  of  Ablation  Plasma 
3.2.1  High-Speed  Photography 

The  expansion  process  of  the  ablated  plasma  was  observed  by  a  high-speed  camera.  Figure  8 
shows  the  framing  photographs  obtained  with  laser  energy  density  of  16  J/cm^  and  oxygen  pressure  of  200 
Torr.  The  time  of  exposure  and  interframe  were  40  ns  and  200  ns,  respectively.  In  Fig.  8,  the 
number  indicates  the  sequence  of  the  photographs,  where  the  first  photograph  was  taken  200  ns  after  the 
laser  pulse.  It  is  seen  from  Fig.  8  that  the  shape  of  the  ablated  plasma  is  initially  spherical,  and  later 
changes  to  a  mushroom  with  decreasing  luminosity. 


1  3  5  7  9 


Fig.  8  Framing  photographs  of  ablated  plasma  at  F  «=  16  J/cm^,  Foxygen=  200  Torr. 


3.2.2  Spectroscopic  measurement 

The  light  emission  from  the  ablated  plasma  was  studied  by  using  a  spectrum  analyzing  system. 
Figure  9  shows  the  time-integrated  spectroscopy  photograph  obtained  with  laser  energy  density  of  10 
J/cm^  and  gas  pressure  of  200  Torr,  where  aluminum  was  used  as  the  target  and  oxygen  was  used  as  the 
ambient  gas.  The  spectrum  measured  is  limited  to  be  above  300  nm  due  to  ultraviolet  absorption  of  the 
lens.  From  Fig.  9,  we  see  the  spectral  lines  of  aluminum  atoms,  kt  ions,  kt^  ions,  oxygen  atoms,  and 
O*  ions.  The  strong  lines  are  observed  for  kl  n  at  358.7  nm  and  kt  I  at  394.4  nm  and  396.1  nm. 
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Fig.  9  Spectmm  of  light  emission  from  ablation  plasma. 


Besides  the  above  lines,  a  continuous  spectrum  is  also  seen  in  Fig.  9,  which  is  probably  caused  by 
recombination  and  bremsstrahlung. 

3.2.3  SMA  Measurement 

The  spectra  of  the  ablated  plasma  have  also  been  studied  by  using  SMA  in  time-resolved  mode. 
Figure  10  shows  the  time-resolved  spectra  obtained  by  SMA  with  delay  times  from  100  ns  to  2,050  ns. 
The  laser  energy  density  and  oxygen  pressure  were  10  J/cm^  and  200  Torr,  respectively.  The  slit  of  the 
spectrometer  was  parallel  to  the  target  surface  and  the  position  of  the  observation  was  1  mm  from  the 
target  surface.  The  gate  pulse  was  100  ns.  It  is  seen  from  Fig.  10  that  the  initial  light  emission 
consists  of  continuous  spectrum  and  oxygen  lines.  At  250  ns  after  the  laser  pulse,  the  continuous 
spectrum  and  oxygen  lines  reach  the  peak  and  the  aluminum  lines  appear.  The  oxygen  lines  disappear  at 
about  450  ns  and  the  aluminum  lines  last  for  a  few  microseconds. 


4.  CONCLUSIONS 

From  the  results  of  XRD  and  TEM  analysis  of  the  aluminum  nitride  powders,  we  have  obtained  the 
following  conclusions; 

1)  When  M  was  used  as  the  target,  with  nitrogen  pressure  lower  than  60  Torr,  the  produced  powders 
were  Af  or  a  mixture  of  M  and  AfN.  With  nitrogen  pressure  higher  than  100  Torr,  the  produced 
powders  are  pure  AfN.  The  average  powder  size  obtained  with  nitrogen  pressure  of  200  Torr  was  ~ 
11  nm. 

2)  When  AfN  was  used  as  the  target,  all  the  powders  obtained  with  different  nitrogen  pressures  were  pure 
AfN.  The  average  powder  size  increased  with  the  nitrogen  pressure  when  the  pressure  was  lower 
than  100  Torr  and  decreased  when  the  pressure  was  between  100  and  500  Torr. 

From  the  results  of  plasma  diagnostics  experiments  under  the  same  condition  as  the  nanosize  powder 
production  by  with  oxygen  ambient  gas,  we  have  obtained  the  following  conclusions; 
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Wavelength  (nm) 

(b)  650  -  2050  ns  delay 

Fig.  10  Time-resolved  spectra  of  ablation  plasma  at  F«  10  J/cm^  =  200  Torr. 


1)  The  ablation  plasma  expands  in  a  spherical  shape. 

2)  The  ablation  plasma  consists  of  aluminum  atoms,  Af  ions,  Af"""  ions,  oxygen  atoms,  and  O'"  ions. 

3)  The  strong  light  emissions  are  seen  due  to  A£  11  at  358.7  nm  and  A£  I  at  394.4  nm  and  396. 1  nm. 

4)  The  light  emission  starts  with  continuous  spectrum  and  oxygen  lines  that  last  for  about  450  ns. 
aluminum  lines  start  at  about  250  ns  and  last  for  a  few  microseconds. 


The 
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Abstract 

A  picosecond  excimer  laser-plasma  source  has  been  constructed  which  generates  an  x-ray  average  power 
of  2.2  Watt  and  1.4  Watt  at  the  wavelengths  required  for  proximity  x-ray  lithography:  1.4nm  (steel 
target)  and  Inm  (copper  target),  respectively.  The  plasma  source  could  be  scaled  to  the  50  -  75 W  x-ray 
average  power  required  for  industrial  lithographic  production  by  scaling  the  total  average  power  of  the 
commercial  excimer  laser  system  up  to  IkW.  The  Inm  x-ray  source  is  used  to  micromachine  a  2.5THz 
microwave  waveguide-cavity  package  with  a  48pm  deep,  three-dimensional  structure,  using  the  LIGA 
technique. 

Keywords:  MEMS,  x-ray  lithography,  microstructures,  laser-plasma  x-ray  sources,  optical  waveguides, 
waveguides,  LIGA,  chemically  amplified  photoresist. 


1.  Introduction 

Microlithography  benefits  from  both  characteristics  of  soft  x-ray  radiation,  high  resolution  printing  and 
penetration  of  thick  photoresist: 

(i)  the  short  wavelength,  X,«lnm  which  allows  the  printing  of  180nm,  130nm,  lOOnm  ...  feature  sizes, 
required  by  the  semiconductor  industry  to  manufacture  the  1Gbit,  4Gbit,  16Gbit ....  memory  chips; 
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(ii)  the  te  ~  5|am  penetration  of  the  hv«1.2keV  photon  in  photoresist  is  beneficial  in  the  production  of 
semiconductor  devices  and  can  also  be  used  in  conjimction  with  the  LIGA  technique  to  generate  48pm 
deep  three-dimensional  structures,  i.e.  for  “x-ray  micromachining”. 

The  paper  demonstrates  both  applications  using  novel  techniques  and  a  compact,  laboratory  sized,  high 
average  power  laser-plasma  x-ray  source,  which  can  be  scaled  for  industrial  production  of  microchips 
and  MEMS.  In  particular,  a  2.5THz  microwave  cavity  and  waveguide  structure'  is  constructed  using  this 
technique. 


Fig.  1.  Concept  of  the  high  average  x-ray  power  laser-plasma  source.  When  generating  Inm  wavelength 
x-rays,  the  source  operates  in  atmospheeric  pressure  helium  gas  and  the  plasma  is  formed  by  the  laser 
focused  on  a  thin  copper  tape  target. 


2.  Laser-plasma  x-ray  source 

At  RAL  we  have  constructed  a  picosecond  excimer  laser  system  which  is  used  to  generate  a  plasma  x- 
ray  source.  A  high  laser  to  x-ray  energy  conversion  efficiency  is  obtained  in  a  copper  plasma^  formed  by 
single,  4ps  long,  RrF  laser  pulses  with  energies  on  target  of  up  to  13mJ  focused  to  10pm  focal  spots  and 
power  densities  of  up  to  4x1 0'^  W/cm^.  A  maximum  conversion  efficiency  of  11%  (or  per  unit  solid 
angle:  1.75%  sf’  )  is  obtained  for  Cu  plasmas^.  The  emission  spectrum  of  this  Cu  plasma  is  centred  at 
Inm  wavelength^  and  therefore  is  ideally  suited  for  x-ray  lithography:  good  absorption  in  the  gold 
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absorber  on  the  x-ray  mask,  good  transmission  through  the  mask  substrate  (if  required),  and  good 
absorption  in  a  reasonable  thickness  of  photo-resist.  This  high  x-ray  conversion  efficiency  constitutes  the 
basis  for  the  construction  of  a  high  x-ray  average  power  excimer  laser-plasma  source  for  x-ray 
lithography.  Fig.  1  shows  a  schematic  of  the  high  average  power  Inm  x-ray  plasma  source  driven  by  a 
high  peak  and  average  power  excimer  laser  system.  All  the  lasers  used  (picosecond  oscillator  and 
excimers)  are  commercial  lasers,  which  can  be  bought  “off  the  shelf’.  Using  a  single  Lambda  Physik 
210iF  (70W  output  power  with  stable  cacity  at  lOOHz)  excimer  laser  final  amplifier  a  record  x-ray 
average  power  has  been  demonstrated  at  RAL^  2.22  Watt  for  steel  targets  1.4nm  wavelength;  and 
1.37W  for  copper  targets  @  Inm  wavelength.  In  the  US,  similar  results  are  obtained  by  JMAR^ 

A  combination  of  four  factors  renders  the  x-ray  beamline  virtually  debris  fi-ee:  use  of  helium  gas  at 
atmospheric  pressure  in  the  x-ray  chamber  in  order  to  stop  the  atomic  debris;  circulate  the  helium  gas  to 
remove  the  debris  gas  generated  in  front  of  the  target;  a  thin  tape  target  such  that  the  shock  wave 
generated  by  the  creation  of  the  hot  plasma  breaks  through  the  target  and  ejects  the  cluster  debris  away 
from  the  focusing  lens  and  x-ray  beam-line  and  exposure  apparatus;  a  train  of  picosecond  KrF  pulses 
each  laser  shot  instead  of  a  25ns  laser  pulse:  the  picosecond  pulse  train  irradiates  the  target  over  a  much 
shorter  time  interval  and  therefore  ablates  less  material,  generating  less  debris  in  the  first  place. 

3.  New  technique  for  soft  x-ray  micromachining 

Traditional  x-ray  micromachining  (LIGA)  technique  uses  a  short  x-ray  wavelength  ~  0.2nm  in  order  to 
increase  the  x-ray  penetration  of  the  resist,  as  well  as  relatively  insensitive  PMMA  photoresist  resulting 
in  long  exposure  times  on  synchrotron  (SRS)  beam-lines.  The  short  wavelength  also  requires  very  thick 
gold  absorber  features  on  the  x-ray  mask  (typically  15pm  or  more)  which  are  expensive  and  time- 
consuming  to  manufacture,  resulting  in  a  long  turn-around  of  the  manufactured  product  from  the  design 
stage,  and  this  constitutes  a  problem  especially  for  prototyping. 

The  present  work  describes,  a  new  method  of  performing  deep  lithography,  with:  (a)  softer  x-rays  of 
Inm  wavelength,  generated  by  a  compact  laser-plasma  x-ray  source;  (b)  more  sensitive,  chemically 
amplified  photoresist  (even  more  so  for  X~lnm  compared  to  >.''0.2nm  );  (c)  thinner,  2pm  thick  gold 


absorber  features  on  the  x-ray  mask;  (d)  integral  surface  and  embedded  x-ray  mask  for  generating  deep 
3D  structures  without  the  need  of  an  aligner;  (e)  a  sequence  of  x-ray  exposures,  each  penetrating  12|am 
deep  in  resist,  followed  by  exposed  resist  removal  (by  developing)  and  re-exposure  until  the  desired 
depth  is  reached;  (f)  reduction  of  total  x-ray  exposure  times  to  10  minutes  for  a  48|J.m  deep  structure;  (g) 
successful  application  of  the  technique  to  fabricate  2.5  THz  waveguides  for  microwave  detector 
research. 


4.  X-ray  beamline  and  exposure  cell 

The  picosecond  excimer  laser-plasma  source  of  Inm  x-rays  is  used  to  expose  the  lithographic  cell 
containing  the  wafer,  such  that  the  distance  between  the  point-like  (10pm  diameter)  source  and  the  wafer 
is  23mm,  and  the  exposed  area  on  the  wafer  is  0.5cm^.  The  plasma  source  is  operated  at  20Hz  repetition 
rate,  with  a  copper  tape  target  in  atmospheric  pressure  helium,  and  the  lithographic  cell  is  fitted  with 
10pm  thick  beryllium  window/filter,  which  allows  only  the  ~  Inm  wavelength  x-rays  (copper  L-shell 
emission)  emitted  by  the  plasma  to  expose  the  resist.  The  exposure  cell  like  the  rest  of  the  x-ray  chamber 
is  at  atmospheric  pressure  helium.  The  absence  of  vacuum  exposure  has  beneficial  effects  on  the 
chemically  amplified  photoresist  and  allows  fast  injection  of  the  exposure  cell  into  the  x-ray  chamber, 
through  a  helium  purge  pipe.  No  contamination  with  target  material  is  observed  on  the  Be  filter  or  wafer. 

The  silicon  wafer  is  spray  coated  in  several  layers  (each  ~5pm  thick)  to  build  up  the  required  thickness 
of  48pm.  AZ  PF514  (Hoechst)  chemically  amplified  x-ray  resist  is  used  because  it  has  a  ~30  times 
higher  sensitivity  (@lnm)  than  PMMA,  and  very  good  etching  and  mechanical  properties.  The  very 
high  resolution  of  AZ  PF514  allows  the  printing  of  180nm  long  transistor  gates,  as  will  be  shown  in  the 
next  Section.  The  2pm  thick  gold  absorber  x-ray  mask  is  directly  deposited  on  the  resist,  using  an 
inexpensive,  standard  mask-making  machine,  and  therefore  can  be  mass  produced  as  part  of  the 
lithographic  process  performed  on  the  wafer.  This  integral  mask  arrangement  is  chosen  in  order  to 
simplify  the  realignment  of  the  mask  after  each  exposure/development  step  which,  in  the  present 
experiment,  was  repeated  four  times. 
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5.  Repeated  exposure  method 

The  x-ray  exposures  are  measured  absolutely  by  means  of  a  calibrated  p-i-n  x-ray  diode  filtered  with  the 
same  thickness  of  beryllium  foil  as  the  lithographic  exposure  cell.  A  fluence  of  Ii=  200mJ/cm^  of  Inm 
wavelength  x-rays  allows  the  development  and  removal  of  12pm  thick  resist  each  exposure  step.  The 
exposure  time  is  2  minutes/step  for  a  laser-plasma  repetition  rate  of  20Hz.  This  exposure  dose/step  is  10 
times  the  surface  fluence  (Is=20mJ/cm  )  required  for  exposing  AZ  PF514  photo-resist  for  manufacturing 
transistor  gates  (see  next  Section).  This  is  consistent  with  an  x-ray  penetration  of  ln(10)=2.3  times  the 
1/e  absorption  depth  at  Inm  wavelength,  which  is  te~5pm  (the  inverse  of  the  resist  absorption 
coefficient).  Because  of  the  severe  overexposure  of  the  photoresist,  tone  reversal  occurs  in  a  thin  “skin” 
at  the  top  of  the  resist.  This  thin,  top  layer  is  removed  by  ashing  before  wet  development  of  the  resist. 

By  using  four  repeated  exposures,  the  total  x-ray  fluence  required  to  penetrate  48pm  of  resist  is  ~330 
times  smaller  (and  total  exposure  time  shorter)  compared  to  a  single  continuous  exposure.  Using  Beer’s 
law  for  calculating  the  irradiation  fluence  I(ti)  needed  for  a  selected  exposure  depth  t]  : 

I(ti)  =  Is  exp(  t)/  te),  with  the  above  notations. 

The  fluence  I(tn)  required  for  a  depth  of  tn  =  n  ti  is: 

I(tn)  =  Is  exp(  nti/  te),  in  a  continuous  exposure,  but  also 
I(tn)*  =  n  I(ti)  =  nis  exp(  ti/  te), 

when  the  I(ti)  is  repeated  n  times,  and  the  resist  removed  (developed)  after  each  exposure.  With  the 
values  used  in  the  present  experiment,  the  ratio  of  x-ray  fluence  for  continuous  and  repeated 
exposure/development  is: 

I(tn)  /  I(tn)*  =  (1/n)  exp[(n-l)  t,/  te]  =  (1/4)  exp[(4-l)  12pm/5pm  ]  =334.9 

If  the  ratio  of  the  resist  sensitivities,  AZPF514  chemically  amplified  versus  PMMA,  is  taken  into 
account,  the  improvement  in  exposure  time  at  this  x-ray  wavelength  is  -10,000  times.  This  great 
reduction  in  exposure  time  allows  the  use  of  the  plasma  sources,  to  demonstrate  deep  x-ray  lithography 
with  reduced  exposure  times.  Synchrotrons  (X.~lnm)  would  further  reduce  exposures. 
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Fig.  2.  Scanning  electron  micrograph  of  a  three-dimensional,  48)j,m  deep  structure  patterned  by  Inm 
wavelength  x-ray  lithography  into  AZ  PF  514  chemically  amplified  resist,  using:  a  <10  minute  total 
exposure  time  from  a  compact,  laser-plasma  x-ray  source;  3pm  thick  gold  absorber  integral  mask  as  well 
as  embedded  mask;  four  repeated  resist  exposure  and  etching  stages,  each  removing  a  12  pm  resist 
thickness.  The  structure  is  a  2.5  THz  waveguide  former.  (Courtesy  Dr  CM  Mann,  SSD  at  RAL). 

Fig.  2. 


6.  Deep,  three  dimensional  structures 

Fig.  2  shows  a  48pm  structure  patterned  by  Inm  wavelength  x-rays  generated  by  the  RAL  plasma 
source.  The  quality  of  the  etching  is  good,  the  striations  on  the  vertical  walls  being  due  to  imperfection 
in  the  edges  of  the  gold  absorber,  which  can  be  readily  remedied.  The  imprints  of  the  four 
exposure/development  stages  can  be  seen  on  the  central  element  of  the  structure.  A  special  technique  in 
mask  configuration,  the  embedded  mask  (Fig.  3),  is  used  to  obtain  the  true  three-dimensional 


167 


structure:  (a)  the  gold  absorber  (embedded  mask)  defining  the  large  rectangles  was  deposited  on  a  first 
layer  of  resist,  24pm  thick,  (b)  after  which  another  layer  of  resist,  24pm  thick,  was  coated  on  top  of  it, 
(c)  and  finally  the  top  gold  absorber  (integral  mask)  is  deposited  to  generate  the  central  feature  of  the 
structure.  The  central  structure  is  100pm  long,  25pm  wide  and  48pm  high.  A  higher  aspect  ratio 
cylindrical  structure  can  be  observed  near  side  of  Fig.  2.  It  was  accidentally  generated,  by  a  mask 
imperfection. 


1  nm  X-rays 


Fig.  3.  The  multilayer  resist  composite  used  to  generate  the  3D  structures.  Two  integral  x-ray  masks  are 
used  at  the  surface  of  and  embedded  in  the  resist,  at  half  its  thickness. 
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7.  Cavity  and  waveguide  structure  for  2.5TELz  microwaves 


The  next  step  in  the  LIGA  technology  is  the  metal  plating  of  the  resist  structure.  The  resist  structure  is 
covered  with  a  2|a,m  thick  layer  of  sputtered  gold,  and  further  electroplated  to  a  gold  thickness  of  20pm. 
The  substrate  is  mounted  upside  down  onto  another  sacrificial  wafer  and  the  first  sacrificial  wafer  is 
removed  by  backlapping  and  chemical  etching.  The  resist  is  dissolved  in  acetone  to  complete  the 
fabrication  process.  Fig.  4  shows  the  complete  cavity-waveguide  structure  which  is  the  mirror  image  in 
gold,  of  the  structure  printed  in  photoresist.  It  constitutes  a  new  method  of  fabricating  high  precision 
waveguide  structures  operating  at  the  v»2.5  THz  microwave  frequency  or  X,wl20pm  wavelength.  Fig.  5 
shows  the  schematic  of  the  complete  microwave  detector  designed  in  the  Space  Science  Department  at 
RAL,  with  the  micromachined  cavity-waveguide  package  fabricated  in  the  present  work  (Fig.  4)  by  deep 
x-ray  lithography  shown  below  the  diode  detector  section. 


Fig.  4.  Scanning  electron  micrograph  of  the  2.5  THz  microwave  cavity  and  waveguide  structure 
fabricated  in  gold,  by  plating  the  photoresist  structure  of  Fig.  2. 
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Fig.  5.  The  2.5THz  microwave  detector  package  designed  in  Space  Science  Department  at  RAL. 


8.  Fast  x-ray  LIGA  for  prototyping 

In  conclusion,  deep  3D  structures  can  be  generated  with  ~10  minute  total  exposure  time,  in  chemically 
amplified  resist,  using  compact  laser-plasma  x-ray  source  generating  Inm  wavelength  radiation.  The  use 
of  repeated  exposure/etching  of  the  photoresist  together  with  the  higher  sensitivity  of  the  chemical 
amplified  resist  results  in  a  -10,000  fold  reduction  of  exposure  time  compared  with  a  continuous  (single) 
exposure  of  PMMA  resist  at  the  same  wavelength 

The  use  of  Inm  wavelength  x-rays,  and  the  repeated  exposure/etching  technique,  reduces  dramatically 
the  thickness  (to  a  few  micrometers)  of  the  gold  absorber  required  to  mask  the  x-rays,  compared  to  the 
standard  LIGA  exposures  carried  out  at  ~0.2nm  wavelength,  which  require  gold  absorber  thickness  of 
tens  of  micrometers,  and  make  the  masks  expensive  and  time  consuming  to  manufacture.  The  thinner 
gold  absorber  allows  the  use  of  integral  (surface  and  embedded)masks  which  do  not  require  realignment 
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'  during  several  exposure/etching  processes.  The  integral  x-ray  mask  survives,  unaffected,  the  repeated 
process:  exposure,  postbake,  ashing,  wet  developer.  Thinner  absorber  features  on  the  mask  have  smaller 
aspect  ratio  and  therefore  allow  high  resolution  x-ray  lithography  in  deep  structures.  True  three- 
dimensional  structures  with  straight  walls,  can  be  generated  using  integral  surface  and  embedded  masks. 
The  resist  structures  can  be  replicated  in  solid  gold  to  fabricate  high  precision  2.5  THz  waveguide 
structures. 

The  process  could  be  automated  to  take  full  advantage  of  the  short  (~minute)  x-ray  exposure  times.  A 
robot  could  be  loaded  with  e.g.  20  exposure  cells,  such  that  while  one  cell  is  irradiated,  the  one  after  it 
undergoes  post  exposure  baking  etc.,  with  the  19th  preceding  cell  ready  for  the  next  x-ray  exposure. 
This  technique  could  open  up  new  applications  for  the  LIGA  technique,  in  high  volume,  cost  efficient, 
mass  production  of  micro-components,  compared  to  the  present  use  of  LIGA  restricted  to  low  volume, 
high  added  value  tool-making,  which  tools,  in  their  turn  are  used  for  mass  production.  There  are  many 
aspects  in  which  the  two  techniques  are  complementary.  The  standard  LIGA  generates  very  high 
structures,  ~lmm,  but  requires  long  mask  fabrication  and  exposure  time,  and  the  availability  of  a 
synchrotron  beam.  The  new  LIGA  technique,  presented  in  this  work  (but  also  adequate  for 
synchrotrons),  could  be  extended  to  a  few  tenth  of  mm  structures,  but  has  fast  turn-around  (simple/low 
cost  mask  process,  fast  exposure  and  processing),  and  the  manufacturer  can  afford  to  own  the  compact 
plasma  x-ray  source.  The  SRS  beam-line  has  the  advantage  of  parallel  illumination.  When  the  point  x- 
ray  source  is  used,  the  exposure  time  depends  on  the  wafer  area:  a  larger  wafer  is  placed  at  a  larger 
distance  to  avoid  image  distortion  at  the  edges,  due  to  the  spherical  exposure  geometry.  For  example,  if  a 
3®  wall  angle  is  acceptable  at  the  edge  of  the  exposure  field,  the  plasma  source,  operated  at  IW 
(220mW/sr)  power  will  require  20min/step  to  expose  a  3x3cm^  wafer,  placed  at  30cm  from  the  plasma 
source.  The  present  source  can  be  scaled  to  50-75W  average  power  (Section  2)  reducing  the  exposure  to 
a  few  seconds/step,  with  depth  of  12|j,m/step.  For  fast  turn-around  prototype  runs  of  a  only  a  few  tens  of 
devices,  the  exposure  geometry  used  in  the  present  work  is  adequate. 

If  reduced  resolution  is  required,  other  sources  of  radiation,  e.g.  UV  can  also  use  the  techniques  of 
multiple  exposure/development  and  integral  surface  and  embedded  masks  to  generate  3D  structures. 
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The  technique  allows  integration  on  one  chip,  of  deep,  >50pm,  three  dimensional  structures,  with 
ultrahigh  resolution,  ~100nm  structures,  because  both  fabrication  methods  use  the  same:  x-ray 
wavelength  (Inm),  plasma  source,  photoresist  (chemically  amplified),  and  basic  process.  These  Micro- 
Electro-Mechanical-Devices  (MEMS)  or  even  Micro-Electro-(Opto-)Mechanical-Devices  (  ME(0)MS  ) 
are  one  of  the  key  technologies  of  the  future.  The  diagram  below  summarises  the  breakthrough  achieved 
by  this  new  technique  of  “soft  x-ray  LIGA”  : 


Chemically  amplified  resist  (AZ  PF5 14)  - ^  Exposure  time:  1:30  of  PMMA 


V 

Overexposure 


12p,m  depth 


Wavelength:  Inm  x-rays  48pm  depth 
4  step  exposure/development  ^  Exposure:  1:330  of  single  step 


\ 


X-ray  mask:  2pm  thick 
&.  embedded:  3D 


Exposure  reduction  1 0,000x 


\ 


^  Exposure  time:  minutes 
MEMS  mass-production  with  plasma  source  of  Inm  x-rays. 


Plasma  x-ray  source  viable  for  LIGA 

Na  . 

-producti 


6.  Conclusions  and  discussion 

In  conclusion,  deep  structures  can  be  generated  with  <  10  minute  total  exposure  time,  in  chemically 
amplified  resist,  using  compact  laser-plasma  x-ray  source  generating  Inm  wavelength  radiation.  By 
using  the  RAL  plasma  x-ray  source  at  its  full  IWatt  power  the  total  exposure  times  can  be  reduced 
further  by  an  order  of  magnitude.  This  would  allow  the  exposure  cell  to  be  moved  further  away  from  the 
point-like  plasma  source  (say  to  5cm  or  10cm)  to  allow  a  larger  wafer  area  to  be  exposed  to  x‘-rays  with 
reasonable  radiation  divergence  angle. 
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The  use  of  repeated  exposure/etching  of  the  photoresist  together  with  the  higher  sensitivity  of  the 
chemieal  amplified  resist  results  in  a  -10,000  fold  reduetion  of  exposure  time  compared  with  a  continuos 
(single)  exposure  of  PMMA  resist  at  the  same  wavelength. 

The  LIGA  technique  described  in  the  present  work  could  be  used,  to  generate  on  the  same  substrate,  both 
deep,  three  dimensional  structures,  typically  of  hundreds  of  micrometer  in  size,  as  well  as  ultrahigh 
resolution:  in  previous  work  described  in  Ref  5,  180nm  gate-length  MOSFET  working  devices  have 
constructed  using  the  RAL  laser-plasma  x-ray  source.  This  has  very  exciting  implications  in  integrating 
micro-mechanical,  -optical,  and  -electrical  devices.  Both  devices  can  be  printed  on  the  same  chip 
because  they  use  the  same:  photoresist  and  development  process,  x-ray  wavelength  (Inm)  and  exposure 
process,  same  plasma  x-ray  source. 
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ABSTRACT 

The  study  of  producing  metal  based  oxides  has  become  increasingly  interesting  because  of  several  specific  features  which 
make  them  extremely  attractive  for  various  uses,  e.g.:  catalysts,  pigments,  magnetic  records,  sensors,  etc.  In  the  present 
paper  we  report  the  synthesis  of  various  iron,  copper  and  nickel  oxides  by  the  IR  laser  processing  of  different  salts.  X  ray 
diffraction  technique  was  used  in  order  to  characterise  the  reaction  products.  An  analysis  of  the  differences  between  these 
oxides  and  those  obtained  from  the  same  salt  b>^  thermal  means  is  presented.  It  was  found  that  the  oxides  obtained  by  laser 
processing  show  specific  characters  concerning  the  crystallinit>  and  chemical  composition. 

Keywords:  metal  oxides,  thermal  analysis,  crystallite  size,  mixed  oxides 

1.  INTRODUCTION 

During  recent  years  much  effort  has  centred  on  the  production  and  characterisation  of  metal  oxides  due  to  several  specific 
features  which  make  these  oxides  attractive  for  various  uses,  e.g.  catalysts,  pigments,  magnetic  recordings,  sensors,  etc.  It 
was  observed  that  both  the  synthesis  methods  and  the  choice  of  precursors  strongly  influence  the  morphology  and  the 
stoichiometr\^  of  the  obtained  oxides. 

Most  common  precursors  for  preparation  of  metal  oxides  are  the  parent  metal  salts.  Compared  to  the  merely  chemical 
methods  for  the  processing  of  inorganic  salts  (thermal  decomposition,  precipitation,  etc.)  laser  methods  are  characterised  by 
a  strong  localised  action  of  the  light  beam,  which  imposes  specific  features  to  the  process.  Moreover  the  laser  synthesis  of 
new  materials  may  offer  interesting  alternatives  for  controlling  the  properties  of  the  reaction  products  by  handling  the 
experimental  parameters^ 

In  previous  papers  concerning  metal  oxides  synthesis  CO2,  laser  irradiation  of  inorganic  salts^  '*,  we  have  shown  that 
copper  and  nickel  oxides  exhibited  peculiarities  concerning  their  morpholog\^  and  stoichiometry  ,  and  these  features  depend 
on  the  precursors  absorpti\ity  to  the  wavelength  of  laser  radiation.  These  properties  were  distinct  from  those  of  oxides 
obtained  by  conventional  thermal  controlled  heating. 

Following  the  previous  reported  results,  in  this  work  we  aim  to  present  the  data  about  the  metal  oxides  obtained  b\^  IR  laser 
processing  of  different  metal  parent  salts  and  to  discuss  the  differences,  revealed  by  X  ray  diffraction  technique,  between 
these  oxides  and  those  obtained  from  the  same  salts  by  thermal  means.  Some  results  concerning  the  production  of  mixed 
oxides  by  the  help  of  laser  irradiation  arc  also  presented. 

2.  EXPERIMENTAL 

2.1  Materials 

Two  nickel  salts  (carbonate  and  nitrate),  two  copper  salts  (carbonate  and  chloride)  and  two  iron  salts  (ferrous  sulphate  and 
ferric  -  ammonium  alum),  were  used  for  the  experiment  and  all  of  them  were  of  analytical  purity.  Their  IR  absorbency 
values  are  given  in  Table  1,  together  with  the  codes  used  throughout  the  paper. 

2.2  Laser  experiments 

A  cw  CO2  laser,  which  produces  a  10.6  pm  radiation,  has  been  used  for  inducing  the  decomposition  of  the  inorganic  salts. 
The  laser  experiments  have  been  performed  in  an  experimental  arrangement  described  elsewhere^.  The  cell  with  the 


^  Corresponding  author 
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inorganic  salt  which  underwent  the  laser  treatment  was  weighed  after  each  passage  through  the  laser  beam  until  its  weight 
was  recorded  as  constant.  The  speed  of  the  cell  through  the  laser  beam,  of  0.3,  0.55  and  1.3  mm  sec'^  and  the  power  of  the 
laser  source,  of  15,  20,  and  25  w,  were  the  parameters  of  the  laser  experiments. 


TABLE  1.  Absorptivity  values  of  nickel,  copper  and  iron  salts  at  10.6  |im 


Substance 

Code 

Absorptivity  (%) 

Nickel 

NiCOs  Ni(OH)2  HjO 

KI 

42 

Ni(N03)2  6H2O 

A1 

2 

CoDoer 

CuCOs  Cu(OH)2 

K2 

15 

CuCl,  2H2O 

C 

1-2 

Iron 

FeS04  7H2O 

s 

14 

FeNH4(S04)2  I2H2O 

A2 

31 

2.3  Thermal  experiments 

The  thermal  experiments  were  conducted  in  a  Derivatograph  Q  1500  D,  type  Paulik,  Paulik  and  Erdey,  produced  by  MOM 
Budapest.  The  device  records  the  weight  loss,  as  thermogravimetry  (TG)  curve,  and  the  thermal  effect,  as  differential 
thermal  effect  (DTA)  curve,  when  the  temperature  is  changed  according  to  the  heating  programme,  from  20  to  lOOO^C.  Air 
atmosphere,  alumina  as  reference  material  and  heating  rates  of  10  and  20  K  min'^  have  been  used  as  thermal  experiments 
parameters. 

2.4  X-ray  diffraction  (XRD)  measurements 

The  obtained  oxide  crystals  were  investigated  by  the  help  of  a  Phillips  diffactometer,  with  CuKa  radiation  for  the  nickel 
and  copper  oxides,  and  CrKa  radiation  for  the  iron  oxides,  respectively,  in  order  to  measure  their  size  and  isotropy. 

3.  RESULTS  AND  DISCUSSIONS 

We  have  assumed,  based  on  our  previous  researches^,  that  during  the  laser  induced  process  the  decomposition  reactions 
follow  the  same  paths  as  during  the  thermal  induced  process,  and  that  one  of  the  basic  differences  between  the  tw  o  types  of 
processes  is  due  to  the  high  heating  rates  which  develop  viithin  the  impact  area  of  the  laser  beam.  In  other  words  the  laser 
induced  decomposition  might  be  modelled,  with  good  approximation,  as  a  fast  thermal  induced  decomposition. 

A  sample  of  a  thermal  induced  decomposition  curves,  recorded  by  the  Derivatograph  as  TG  one,  is  given  in  Fig.  la,  and  a 
sample  of  a  laser  induced  decomposition  curve,  as  inferred  by  us  from  the  recorded  weight  after  each  passage,  is  given  in 
Fig.  lb. 


Figure  la.  The  weight  loss  of  the  metal  salt  heated  with  a  Figure  lb.  The  weight  loss  of  the  metal  salt  irradiated  by 
constant  heating  rate  laser,  over  number  of  passages  through  the  laser  beam 
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One  may  notice,  from  any  of  the  TG  cur\^es,  that  the  salts  decompose  thermal!)  in  several  steps,  producing  oxides  as  end 
product,  according  to  the  weight  loss.  On  the  other  side  the  laser  induced  decomposition  seem  to  occur  in  one  step  only  and 
again  the  end  product  is  the  corresponding  oxide,  according  to  the  total  weight  loss.  According  to  our  above  mentioned 
assumption,  this  curv  e  is  the  overlapping  result  of  the  steps  observ  ed  on  TG  curv  e 

The  end  products  obtained  by  both  types  of  experiments  ^^  ere  analysed  by  XRD  in  order  to  compare  their  crystallite  sizes 
and  isotropy.  The  measured  dimensions  were  Dill  and  D200  for  nickel  and  copper  oxides,  and  DO  11  and  D104  for  iron 
oxides.  Their  values  were  used  in  order  to  investigate  the  differences  betv^cen  thermal  and  laser  obtained  ciystallites  in 
terms  of  their  size  and  isotropy.  We  consider  this  “isotropy”  to  be  related  to  the  difference  between  the  value  of  D104/D011 
ratio  and  unity. 


3.1  Kinetic  study  of  the  decomposition  processes 

The  weight  loss  versus  time  recorded  curves  allow  to  perform  some  kinetic  calculus  for  a  better  description  of  the 
decomposition  process. 

Table  2  gives  the  reaction  steps  which  might  occur,  according  to  the  recorded  weight  loss,  for  all  the  thermal  induced 
processes.  The  kinetic  analysis  of  each  of  the  identified  steps  is  done  by  using  an  integral  methods  discussed  previously^.  It 
is  based  on  the  equation: 


where  a  is  the  conversion  degree,  f(a)  is  the  conversion  function.  To  is  the  initial  temperature,  T  is  those  recorded  at  that 
moment,  A  is  the  pre-exponential  factor.  E  is  the  activation  energy,  R  is  the  gas  constant  and  ft  is  the  heating  rate.  The 
com  ersion  degree,  a,  is  defined  by: 

a  =  (mt  -  mo)/(mf  -  nio)  (2) 

mt  standing  for  the  weight  at  time  t,  mr  is  the  final  weight  and  mo  is  the  initial  weight  of  the  sample. 

Based  on  the  recorded  weight  loss  over  time,  i.e.  the  TG  curv  e,  the  values  of  the  conversion  degree  arc  calculated  and 
equation  (1)  may  be  used  in  order  to  calculate,  for  each  reaction,  its  kinetic  parameters,  namely:  the  activation  energv,  E, 
the  pre-exponential  factor.  A,  and  the  analvtical  form  of  the  kinetic  function,  f(a).  The  obtained  values  arc  included  also  in 


Table  2. 

As  it  was  mentioned,  the  laser  induced  decomposition  occur  in  one  step  which  is.  presumably,  the  result  of  an  overlapping 
of  the  several  steps  recorded  during  the  thermal  experiments  This  overlapping  phenomenon  may  be  explained  by  the  high 
heating  rate  developed  within  the  laser  impact  area.  An  equation  developed  previously  for  relating  the  maximum  value 
reaction  rate  temperature  shift  with  the  heating  rate  states  that^: 

ln(ft2/fti)  =  E/R  (1/Tn,i  -  1/Tn,2)  0) 

Taking  into  account  values  of  heating  rate  of  about  10000  Kmin’^  within  the  laser  beam  impact  area  one  may  calculate 
(based  on  the  values  of  the  kinetic  parameters  from  Table  2)  the  maximum  reaction  rate  temperatures  during  the  laser 
experiments.  The  results  are  given  in  Table  3. 

It  can  be  seen  that  the  calculated  temperatures  are  almost  within  the  same  range  in  all  the  cases,  demonstrating  that  for  each 
salt  the  identified  thermal  decomposition  steps  occur  almost  simultaneously.  This  fact  may  explain  why  an  apparent  one 
step  decomposition  reaction  is  recorded  during  the  laser  experiments. 

The  weight  loss  recorded  during  laser  experiments  for  each  passage  through  the  laser  beam  of  the  cell  allows  to  calculate, 
also,  the  degree  of  conversion,  according  to  eqn.  (2),  and  a  kinetic  analysis  may  be  also  initiated. 

The  kinetic  analysis  of  laser  induced  processes  should  take  into  account  that  during  the  laser  experiments  we  have  measured 
the  weight  after  the  salt  has  passed  through  the  laser  beam.  Because  of  this,  one  may  consider  that  the  recording  of  weights 
has  been  done  under  quasi-isothermal  conditions.  Therefore  the  integral  form  of  the  reaction  rate  can  be  re-written: 


I  dx 
{)f(x) 


=  A  •  exp 


R'T, 


idt 


(4) 


where  Ti  is  the  temperature  recorded  within  the  laser  beam  impact  area,  to  is  the  time  at  the  beginning  of  the  reaction  and  t 
is  the  time  at  the  moment  of  the  weighting. 
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TABLE  2.  Reaction  steps  and  the  inferred  kinetic  parameters  for  thermal  and  laser  induced  decomposition  processes 
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TABLE  3.  The  value  of  the  temperatures  of  maximum  rate.  Tn,.  for  the  reactions  from  Table  2  when  the  heating  rate,  p,  is 
of  10"*  K  min  ’  order 


Reaction  (sec  Table  2) 

Measured  for 

B  =  10  K  min  ’ 

Calculated  T«  for 

B  =  10*  K  min* 

Nickel  carbonate  -  reaction  ( 1 ) 

363 

566 

-  reaction  (2) 

582 

902 

Nickel  nitrate  -  reaction  (2) 

643 

973 

Copper  carbonate  -  reaction  (1) 

337 

460 

-  reaction  (2) 

559 

893 

-  reaction  (3) 

680 

825 

-  reaction  (4) 

1054 

1500 

Copper  chloride  -  reaction  ( 1 ) 

406 

576 

-  reaction  (2) 

535 

897 

-  reaction  (3) 

773 

984 

Ferrous  sulphate  -  reaction  ( 1 ) 

459 

690 

“  reaction  (4) 

678 

797 

Ferric  alum  -  reaction  ( 1 ) 

428 

767 

-  reaction  (2) 

630 

770 

-  reaction  (3) 

825 

1065 

The  time  interval  (t  -  to)  may  be  calculated  by  considering  the  number,  N,  of  passes  through  the  laser  beam  of  the  cell  of 
length  “r,  with  speed  “v”,  as  given  by  equation: 

t-to  =  (N  /)/v  (5) 

By  noting  the  left-sidc  integral  of  equation  (4)  as  F(a).  and  by  substituting  equation  (5)  into  equation  (4)  followed  by 
logarithmisation  and  re-arranging  the  terms  this  becomes; 

ln[F(a)]  =  ln(N)  +  ln(//v)  +  ln[A  exp(-E/RTi)]  (6) 

From  eqn.  (6)  one  may  calculate,  with  a  certain  approximation,  the  kinetic  form  of  f(a),  and  the  value  of  the  rate  constant, 
k(T))  =  A  exp(-E/RT)),  at  the  temperature  of  the  experiment.  The  calculated  values  have  rather  informative  than  kinetic 
meaning  and  are  listed  in  Table  1,  together  with  the  results  of  the  kinetic  analysis  of  the  thermal  induced  decomposition. 

3*2  The  effect  of  experiment  type  on  the  oxide  cry  stallites 

The  values  of  crystallite  dimensions  for  the  oxides  obtained  by  both  laser  (coded  “L”)  and  thermal  (coded  ‘T”)  routes  are 
shov^m  in  Fig.  2. 


Figure  2a.  Crystallite  dimensions  of  nickel  and  copper  oxides 


AJurr  If  r  decomposed 


AKim  iSennil  decomposed 


Sulphite  liter  decomposed 


Sulphite  thermil  deeompoied 


Figure  2b.  Crystallite  dimensions  of  iron  oxides 


It  can  be  seen  that  the  laser  experiments  produce  larger  and  more  anisotropic  crystallites  than  those  obtained  by  thermal 
methods.  This  is  in  full  agreement  with  our  previous  results^'^,  which  showed  that  the  final  oxides  differs  from  those 
obtained  by  thermal  means,  provided  the  initial  salt  has  a  significant  absorbency  value  of  the  laser  radiation. 
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3.3  The  effect  of  the  laser  energy 

The  study  of  the  influence  of  laser  supplied  energy  on  the  crystallites  obtained  has  also  been  investigated  by  us  in  a  previous 
paper^.  For  this  we  have  taken  into  account  that  from  the  definition  of  energy: 

W  =  P  t  ^  (7) 

where  W  is  the  energy  and  P  is  laser  power,  by  replacing  time  t  with  equation  (5)  and  rearranging  the  terms  one  obtains: 

W//  =  NP/v  (8) 

Equation  (8)  shows  a  linear  relationship  between  the  supplied  energy  per  length  unit  and  the  ratio  P/v,  of  two  parameters  we 
may  control  The  influence  of  energy  supplied  by  laser  on  the  physical  form  of  the  end  products  may  be  investigated  by 
modifying  the  laser  power  and  the  speed  of  the  cell  through  the  laser  beam  whilst  keeping  constant  the  number  of  passages, 
N.  Figure  3  shows  the  dependence  of  the  crystallite  dimensions  (Dill  and  D200  in  Fig.  3a,  and  D104  and  DOll  in  Fig.  3b 
respectively)  on  the  value  of  P/v,  for  a  constant  number  of  passages  N  =  2. 


Figure  3a.  The  influence  of  supplied  energy’  on  the 
crystallite  size  of  CuO 


Figure  3b.  The  influence  of  supplied  energy'  on  the 
crystallite  size  of  FeO 


From  Fig.  3  it  can  be  seen  that  crystallite  size  is  dependant  on  the  amount  of  energy  supplied,  which,  in  turn,  is  related  to 
the  absorbency  of  the  initial  salt  decomposed.  An  empirical  relationship  to  give  account  of  the  results  from  Fig.  4  is 
proposed: 

D  =  K  (P/v)"  (8) 

where  D  is  crystallite  dimension,  “K”  and  “a”  being  tw^o  constants.  The  values  of  “K”  and  “a”  for  the  two  salts  are  given  in 
Table  4. 


TABLE  4.  The  values  of  parameters  “K”  and  “a”  from  fitting  experimental  data  with  the  relationship  (8) 


Salt 

Crystallographic 

distance 

“K”  value 

“a”  value 

FeS04  7H2O 

DOll 

0.00 

1.72 

D104 

0.19 

0.84 

FeNH4{S04)2  12H2O 

DOll 

0.02 

1.20 

D104 

31.64 

0.02 

CuClz  2H2O 

Dill 

764 

0.02 

D200 

723 

0.04 

CU2C03(0H)2 

Dill 

567 

0.13 

D200 

695 

0.09 

Ni2(0H)2C03 

D200 

91 

0.52 

NiNOs  6H2O 

D200 

592 

0.01 
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These  experiments  conclude  that  the  use  of  laser  decomposition  to  produce  metal  oxides  again  shows  the  influence  of  the 
initial  salt  absorbency  value  on  the  final  physical  form  of  the  obtained  oxide.  We  have  termed  this  phenomenon  the  “laser 
effect”  and  our  data  indicates  that  it  is  related  to  the  value  of  P/v,  e  g.  the  higher  arc  the  values  of  P/v,  larger  crystallites  are 
obtained  (sec  Figure  4).  However  it  has  to  be  stressed  that  the  experimental  data  suggest  that  the  influence  of  P/v  ratio  upon 
the  size  of  the  resultant  crystallites  reduces  after  a  certain  value,  related  to  the  parent  salt  chemistry  .  In  other  words  the 
curve  described  by  eqn.  (8)  seems  to  reach  a  plateau,  which  may  be  noticed  from  the  curves  exhibited  in  Fig.  3. 

3.4  Mixed  oxides 

We  have  performed  also  a  laser  decomposition  of  a  mixture  of  copper  and  nickel  carbonates  in  ratio  K2:K1  =  2.8:1,  related 
to  their  absorbency  values.  The  same  mixture  was  decomposed  under  controlled  healing  and  the  resulted  oxides  were 
investigated  by  IR  transmission  and  XRD. 

The  crystallite  dimensions  for  the  thermal  and  laser  obtained  oxides  are  given  in  Table  5,  in  terms  of  the  values  calculated 
for  CuO  and  NiO  phases. 


TABLE  5.  The  size  D  (A)  of  cry  stallites  in  laser  and  thermal  obtained  oxides 


Sample/Phase 

CuO 

NiO 

Thermal 

337 

427 

Laser 

210 

142 

Results  in  Table  5  show'  that  the  dimensions  of  cry  stallites  obtained  from  thermal  experiment  are  higher  than  those 
produced  by  laser.  This  is  quite  opposite  to  the  results  obtained  with  single  salt  decomposition,  where  the  crystallites 
obtained  in  laser  experiments  were  larger  than  those  obtained  by  thermal  means  (sec  also  Fig.  2).  A  possible  explanation  of 
this  reversing  might  be  the  growth  of  the  forming  oxides  which,  due  to  the  high  thermal  gradients  induced  by  laser 
radiation,  takes  place  simultaneously  and  leads  to  a  competitive  growing.  The  rather  low  heating  rates  experienced  by 
thermal  treated  samples  allow,  probably,  an  oxide  to  grow'  before  the  other  one  starts  growing  too.  As  a  consequence,  the 
two  methods  for  synthesising  the  blend  of  copper  and  nickel  oxides  lead  to  different  textures  of  the  final  product. 

The  results  of  X-photon  spectroscopy  (XPS)  investigations  supported  the  above  conclusions,  pointed  out  that: 
i)  the  oxygen  content  of  laser  samples  is  higher  than  those  of  thermal  obtained  ones;  ii)  the  laser  samples  seem  to  contain, 
beside  CuO  and  NiO  as  major  phases,  other  copper  and  nickel  oxides  like  CU2O,  and  Ni203.  These  facts  can  be  related  to  the 
competitive  growing  process  and  to  larger  surface  of  the  laser  obtained  cry  stallites  which  may  absorb  more  atmosphere 
oxygen. 

An  IR  analysis  of  the  products  has  been  also  performed,  the  recorded  spectra  being  shown  in  Fig.  4. 


FIGURE  4.  IR  spectra  of  copper/nickel  salts  mixture,  and  obtained  oxides 

Curve  (a)  is  recorded  for  thermally  treated  mixture,  curve  (b)  is  for  laser  irradiated  mixture,  curve  (c)  is  for  a  blend  of  NiCA 
and  CuOx  oxides  obtained  by  laser  processing  and  mixed  subsequently,  curve  (d)  belongs  to  copper  carbonate  and  curve  (e) 
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to  nickel  carbonate  respectively.  It  appears  that  the  peaks  from  1220,  1140  and  980  cm  *  characterise  the  oxide  obtained 
from  the  mixture  irradiated  with  laser  only.  Although  their  identification  is  not  fully  clarified  we  assume  that  they  indicate 
some  carbon-oxygen  bonds. 

The  results  of  all  the  investigations  pointed  out  that  the  two  methods  of  obtaining  the  copper/nickel  oxides  lead  to  solid 
phases  with  different  textures,  and  partly,  to  differences  of  their  chemical  compositions.  The  laser  oxides  showed  higher 
degree  of  crystallisation  and  smaller  crystallites  than  those  obtained  by  thermal  means.  Also  the  laser  oxide  chemical 
composition  has  a  high  relative  oxygen  content  and  some  metal  suboxides  were  detected.  Possible  carbon-based  impurities, 
resulted  from  a  low  conversion  of  carbon  into  CCb  during  laser  irradiation  might  be  also  trapped  in  the  obtained  material. 

4.  CONCLUSIONS 

Several  metal  oxides  were  prepared  comparatively  by  laser  and  thermal  decomposition  of  parent  salts.  In  all  the  cases  we 
have  noticed  that  laser  obtained  oxides  crystallites  are  larger  and  more  anisotropical  than  those  obtained  by  thermal 
expenments.  It  appears  that  the  differences  are  larger  when  the  parent  salts  absorbs  better  laser  radiation  and  a  qualitative 
relationship,  equation  (8),  was  proposed  to  describe  this  “laser  effect”. 

Quite  different  results  are  obtained  when  mixture  of  well  absorbing  parent  salts  is  also  decomposed  comparatively  by  laser 
and  thermal  meamngs.  The  end  products  have  different  textures,  but  the  crystallite  dimensions  are  smaller  for  laser 
matenal.  Also  chermcal  composition  of  the  end  products  is  different;  the  laser  contains  metal  suboxides  and  more  oxygen 
than  thermal  products.  No  confirmation  of  the  existence  of  a  Ni-Cu  bond  could  be  obtained  and,  as  a  consequence  one 
cannot  state  that  mixed  oxides  could  be  obtained  ly  this  method. 

5.  REFERENCES 

1.  E.  Borsella.  S.  Botti,  M.  Cesile,  S.  Martelli,  R.  Alexandrescu,  R.  Giorgi,  C.A.  Nametti.  S.  Turtu  and  G  Zappa 

Nanostructured Materials,  6,  {1995). 

2.  R.  Alexandrescu,  R.  Cireasa,  B.  Dragnea,  I.  Moijan,  I.  Voicu,  A.  Andrei,  F.  Vasiliu,  C.  Popescu  and  D.  Fata,”  IR  and  UV 

laser-assisted  deposition  from  titanium  tetrachloride:  a  comparative  study,”  Advanced  Mat.  Optics  Electronics,  5,  19-30 
(1995). 

3.  C.  Popescu,  D.  Fata,  R.  Alexandrescu,  I.  Voicu,  I.  Moijan,  M.  Popescu  and  V.  Jianu.  “Copper  oxides  obtained  by  CCb 
laser  irradiation  of  copper  salts,”  J.  Mater.  Res.,  9,  1257-1262  (1994). 

4.  R.  Alexandrescu,  C.  Popescu,  I.  Moijan,  I.  Voicu  and  D.  Dumitras,  “IR  laser  chemical  processing  of  metal  salts  for 
preparation  of  oxides  and  metal-containing  layers,”  Infrared  Phys.  Technol,  36,  1-13  (1995). 

5.  C.  Popescu,  R.  Alexandrescu,  I.  Moijan  and  M.  Popescu,  “Solid  decomposition  reactions  induced  by  laser-  the  use  of  a 
non-isothermal  kinetics  model,”  Thermochim.  Acta,  184,  73-80  (1991). 

6.  C.  Popescu  and  E.  Segal,  “Variation  of  the  maximum  rate  of  conversion  and  temperature  with  heating  rate  in  non- 
isothermal  kinetics.  Part  II,”  Thermochim.  Acta,  82,  387-389  (1984). 


181 


Invited  Paper 


Xcw  studies  of  reacth^c  puised  laser  deposition 

I  N  ^/mlaUescu.  Eniko  Gvorgy,  V.  S.Teodorescu*,  G.  Marin,  D.  PanteUca**,  A. 

.\ndrei***,  J.Neamtu**** 

National  Institute  of  Laser  Plasma  and  Radiations  Physics,  P.O.Box  MG-54,  Bucharest- 

76900,  Romania 

*  National  Institute  for  Materials  Physics.  Bucharest,  Romania 
**'National  Institute  for  Nuclear  Physics  and  Engineering  “Horia  Hulubet  ,  Bucharest  - 

76900.  Romania 

***Institute  of  Nuclear  Research,  Pitesti,  Bucharest,  Romania 
**<=*£)epartment  of  Natural  Science,  Umversity  of  Craiova,  Romania 

ABSTRACT 

We  report  the  svnthesis  and  deposition  of  TiC  fihns  by  reactive  pulsed  laser  deposition.  Ti 
targets  have  been  submitted  to  multipulse  LW  laser  action  in  low  pressure  CH4.  The  thin 
films  were  grown  on  a  collector  placed  parallel  to  the  target.  The  films  were  characterized 
by  electron  microscopy,  electron  spectroscopy  and  nuclear  techmques. 

Keywords;  reactive  pulsed  laser  deposition,  titanium  carbide  thin  tilms 

1.  INTRODUCTION 

The  pulsed  laser  deposition  (PLD)  has  recently  emerged  as  a  promising  film 
giowth  technique"'.  PLD  permits  the  use  of  metallic  targets  in  combination  with  oxyw 
nitrogen  or  hydrocarbon  ambient  tor  the  growth  of  oxides,  nitrides  01  carbides  .  This 
method  is  also  caUed  reactive  PLD  (RPLD).  We  report  herewith  new  results  obtained  by 

RPLD  of  Ti  samples  in  low  pressure  methane. 

As  is  known.  TiC  is  a  ceramic  with  many  applications  in  high  technology.  This  is 
the  consequence  of  an  attractive  set  of  physical  and  chemical  characteristics,  a  high 
melting  point  (3260  “C),  a  high  hardness  (3200  kg'mm").  a  low  density  (4.9x10  kg/m ),  a 
good  wear  to  corrosion  and  oxidation. 

2.  EXPERIMENTAL 

We  used  a  KrF*  excimer  laser  source  (Lambda  Physik  LPX200),  (X  =  248  nm, 
30  ns)  operated  at  a  repetition  rate  of  10  Hz.  The  laser  fluence  incident  onto  the  Ti 
target  was  set  at  5  J/cml  A  series  of  10"  subsequent  laser  pulses  were  applied  for  the 
deposition  of  one  film.  The  experiments  were  conducted  in  a  cylindrical  stainless  steel 
chamber,  evacuated  down  to  2x10  ''  Pa  and  then  filled  with  high  purity  CH,  at  working 
pressure  in  the  range  (lO"-!)  Pa.  We  used  a  titanium  target  having  a  purity  of  about 
99.9%.  The  ablated  material  was  collected  on  <100>  or  <11 1>  single  crystalline  Si  waferc. 
Prior  to  the  introduction  into  the  chamber,  the  cottectors  were  carefully  cleaned  with 
acetone  and  10%  HF  in  distilled  water.  The  distance  between  target  and  collector,  Zs,  was 
set  at  30,  40  and  70  mm. 
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The  morphology  and  the  composition  of  the  deposited  films  was  studied  by 
Transmission  Electron  Microscopy  (TEM)  and  Selected  Area  Electron  Diffraction 
(SAED)  with  a  Jeol  TEMSCAN  200  CX  electron  microscope.  The  films  were  also 
characterized  by  X-Ray  Photoelectron  Spectroscopy  (XPS)  with  an  ESCALAB  MK  II 
(VG  Scientific)  instrument.  The  K  „  radiation  of  A1  (1486.6  eV)  was  chosen  for  excitation. 
During  analysis  the  residual  pressure  inside  the  installation  was  below  10'^  Pa.  A  detailed 
scan  of  the  zones  corresponding  to  the  2p3/2  peak  of  titanium  was  carried  out  with  a  step 
resolution  of  0.  leV. 

The  formation  of  titanium  carbide  was  also  studied  by  Rutherford  Backscattering 
Spectrometry  (RBS)  and  Elastic  Recoil  Detection  Analysis  (ERDA).  For  RBS 
measurement,  the  samples  were  mounted  in  a  small  reaction  chamber  which  was 
evacuated  down  to  10’^  Pa.  The  investigations  were  conducted  with  a  beam  of  4.5 
MeV.  The  typical  current  was  (3-5)  nA.  The  beam  was  produced  by  a  Tandem  Van  de 
Graaf  accelerator  at  the  Bucharest  Institute  of  Physics  and  Nuclear  Engineering 
(B.I.P  .N.E.).  The  backscattered  particles  were  detected  with  a  surface  barrier  silicon 
detector,  placed  at  147®  with  respect  to  the  beam.  In  order  to  get  information  about 
the  thickness  of  the  thin  films,  the  recorded  RBS  spectra  were  analyzed  with  a  simulation 
computer  code®. 

For  the  ERDA  measurement  the  samples  were  mounted  in  a  large  scattering 
chamber  and  were  placed  at  10®  with  respect  to  the  Cu  atom  beam.  We  used  a  ®'’Cu  beam 
of  80  MeV,  delivered  by  a  Tandem  Van  de  Graaf  accelerator  at  B.I.P.N.E..  The  light 
recoil  nuclei  were  detected  in  an  (E-AE)  telescope  configuration  consisting  of  a  gas  AE 
detector  and  of  a  silicon  state  E  detector.  The  (E-AE)  telescope  was  mounted  inside  the 
scattering  chamber  at  30°  with  respect  to  the  Cu  atom  beam.  For  the  normalization  of  the 
ERDA  spectra  we  used  the  pulses  of  the  Si  E  detect  or ‘®. 

3.  RESULTS 

In  TEM  observation  the  films  look  uniform  and  homogenous.  We  notice 
crystallites  with  dimensions  in  the  range  10-20  nm.  The  corresponding  SAED  patterns 
have  revealed  a  cubic  f  c.c.  structure  characteristic  to  TiC  (with  the  lattice  parameter  ao  = 
0.436  nm). 

The  positions  of  the  Ti  2p3/2  peak  in  the  spectra  recorded  for  different  samples 
clearly  indicates  a  composition  close  to  TiC  (fig.  1).  From  Fig.  1  one  notices  that  the  Ti 
2p3/2  peak  is  shifted  from  its  normal  position  in  pure  Ti  (Ebo=454.0  eV)  to  Eb=455.0  eV. 
This  value  is  close  to  454.6  eV,  the  energy  of  the  Ti  2p3/2  peak  in  pure  TiC. 

This  small  deviation  from  454.6  eV  could  be  the  effect  of  the  presence  in  the  films 
of  a  certain  amount  of  nitrogen  or  of  contamination  with  oxygen.  This  slight 
contamination  with  oxygen  (in  form  of  a  nonstoichiometric  oxide)  could  be  due  to  the 
samples  handling  in  atmosphere  after  deposition. 
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In  the  RBS  spectra  the  Ti  signal  is  visible  as  an  intense  peak,  but  no  signal 
coming  from  C  has  been  detected.  The  thickness  evaluated  with  the  numerical  code  is 
350  nm  for  thin  films  prepared  at  10’’  Pa  (fig.  2). 


- -  CHANNEL 

Fig.  2.  The  RBS  spectrum  recorded  for  the  film  deposited  at  10'‘  Pa  CH4 

The  signal  corresponding  to  is  clearly  visible  in  the  ERDA  spectra  (fig.  3)  of 
the  same  sample.  Other  visible  signals  are  due  to  ‘*0  and  ^*Si  respectively  and  are 
originating  from  the  substrates. 


Fig.  3.  ERDA  spectra  recorded  for  the  films  deposited  at  10'*  Pa  CH4 

4.  CONCLUSIONS 

We  obtained  good  quality  thin  films  on  cool  (room  temperature)  collectors  by 
RPLD  of  Ti  targets  in  low  pressure  methane.  The  films  are  adherent  to  the  substrates  and 
hard.  The  contamination  with  oxygen  is  low  and  is  entirely  restricted  to  a  top  layer  (of  a 
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few  nm  of  the  deposited  films).  A  deposition  rate  of  3.5  xlO'^  nm/pulse  was  obtained  for 
a  target-collector  distance  of  70  mm. 
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ABSTRACT 

Ultrafme  alumina  powder  was  produced  by  aluminium  target  ablation  with  a  Nd:YAG  laser  beam  (1064  nm 
wavelength;  340  mJ/pulse  energy;  7  ns  pulse  duration;  10  pps  repetition  rate),  in  a  120  Torr  O2  atmosphere.  A  theoretical 
approach  for  the  ablation  process,  based  on  laser  energy  absorption  and  energy  balance  in  the  target,  is  used  for  comparison 
with  the  experimental  production  rate.  Three  experimental  irradiation  conditions  were  chosen:  (a)  energy  density  of  5  J/cm  , 
considered  reference  (RDE),  (b)  lower  energy  density  of  2.5  J/cm^  (LDE)  and  (c)  RDE  with  auxiliary  discharge  between  an 
auxiliary  electrode  and  target,  triggered  by  the  ablation  plume  (RDA).  Calculated  and  experimental  data  of  target  weight  loss 
show  good  agreement  (135  ng/pulse,  calculated,  and  100,  110,  120  ng/pulse,  experimentally,  for  RDE,  LDE,  RDA 
conditions,  respectively).  The  X-Ray  Diffraction  (XRD)  spectra  of  alumina  show  formation  of  y-alumina  particles  only, 
especially  in  LDE  and  RDA  conditions.  From  Scanning  Electron  Microscopy  (SEM)  size  analysis,  a  decrease  of  particle  size, 
in  LDE  and  RDA  irradiating  conditions,  is  observed.  The  decrease  of  laser  beam  fluence  or  aiding  of  ablation  using  an 
auxiliary  discharge  is  both  favourable  for  the  production  of  high  quality  powder,  without  diminishing  the  production  rate.  This 
can  be  a  good  basis  for  future  improvement  of  the  ultrafme  powder  production  process. 

Keywords:  nanotechnology,  ultrafme  powder,  reactive  laser  ablation,  electrical  discharge,  gas-plasma  interaction,  nanosize 
powder  characterisation 


1.  INTRODUCTION 

UltraFine  Powders  (UFP)  are  part  of  a  large  class  of  materials,  consisting  of  particles  with  tens  or  hundreds  of  atoms 
or  molecules,  ordered  in  different  arrangement  types.  Ultrafme  clusters,  with  dimensions  between  those  of  molecules  and  the 
bulk  material,  have  different  physical  and  chemical  properties  in  comparison  ^ith  above-mentioned  state  of  matter  limits.  This 
led  to  their  being  named  a  new  kind  of  material  and  more  courageously,  “the  fifth  state  of  matter”[l].  Interest  in  this  field 
began  approximately  thirty  years  ago,  with  gaseous  clusters  (aerosols)  and  has  grown  explosively  in  the  last  few  years. 
“Nanotechnology”,  now  a  common  word,  refers  to  the  production  and  properties  of  these  particles.  Frequently  used  alternate 
names  are  nanosize  or  nanophase  particles  and  clusters. 

Today,  great  interest  is  shown  for  pure  metallic  or  alloys  and  oxides,  nitrides  or  carbides  of  Al,  Ti,  Fe,  Ni,  Cr,  Zr,  Ta, 
Mo,  W,  Si  powders. 

Many  methods  for  UFP  production'*^  are  similar  with  those  used  for  thin  films  deposition^  ’,  but  conditions  regarding 
process  finality  are  different,  i.  e.  low  adhesion  to  collector  for  UFP  and  high  adhesion  to  substrate  for  thin  films.  Pulsed  laser 
ablation  (PLA)  method  has  some  advantages,  such  as  the  possibility  of  operation  at  high  gas  pressures  and  the  good  control 
of  UFP  quality  parameters.  In  the  case  of  Reactive  Laser  Ablation  (RLA)  powder  production,  the  high  ambient  gas  pressure 
(>  10  kPa)  is  necessary,  on  one  hand,  to  assure  complete  reaction  of  ablation  particles,  for  high  powder  purity,  and  on  the 
other  hand,  to  decrease  their  speed,  in  order  to  exclude  adhesion  to  the  collecting  filter.  For  dimensional  powder 
characterisation  very  high  resolution  microscopy  instruments  are  used.  The  obtaining  of  high  quality  powder  requests  good 
control  of  RLA  process  stages.  The  use  of  additional  techniques  can  also  improve  the  PLA  process. 

This  study  presents  alumina  (AI2O3)  synthesis  by  RLA,  improved  using  an  electrical  discharge  between  an  auxiliary 
electrode  and  target,  triggered  (ignited)  by  the  ablation  plasma.  Alumina  powder  production  was  chosen,  being  representative 
for  the  difficulties  of  ceramic  UFP  production  by  RLA  of  a  metallic  target  (Aluminium)  in  a  high  ambient  gas  pressure 
(Oxygen).  Three  RLA  operation  conditions  were  used  to  reveal  the  influence  of  laser  fluence  and  auxiliary  discharge  on 
powder  quality  parameters. 
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2.  GENERAL  REMARKS 


2.1.  Ultrafine  clusters 

The  cluster  is  an  aggregate  of  atomic  or  molecular  species  in  a  low  potential  energy  order,  such  as  crystalline 
structure.  General  properties  G  of  the  cluster,  such  as  the  ionization  potential,  binding  energy,  lattice  parameter,  free  energy, 
entropy,  melting  temperature,  specific  electrical  resistance,  mass  density,  etc.,  are  dependent  on  cluster  radius  R,  in  respect  to 
the  Quantum  Chemical  Analytic  Cluster  Model  (QACM)®, 

G(R)  =  Co+c.,  R-'.  (1) 

where  Cq  ,  c.i  are  coefficients.  Considering  the  evolution  of  properties  between  Cq  for  bulk  and  Cq  +  c.i  ,  it  is  possible  to 
establish  a  correlation  between  the  size  of  the  particles  and  the  value  of  the  property  G,  that  is  to  predict  property  value  for  a 
given  powder  size  or  to  produce  a  powder  size  for  a  requested  property  value. 

In  many  situations,  properties  close  to  those  of  the  molecular  state,  i.e.  smaller  particles,  are  desirable.  Since  the 
powder  is  a  collection  of  particles,  the  quality  parameters  of  a  UFP  are  determined  by  the  chemical  composition  of  the 
particles,  their  size  and  size  differences.  Therefore,  the  quality  parameters  for  an  ultrafine  powder  are: 

-  average  size  of  particles  -  R(nm) 

-  dispersion  of  sizes  -  5R(nm) 

-  purity  -  percentage  of  the  desired  particles  with  same  constitutive  molecule  in  all  powder  particles. 

It  is  desirable  for  R  and  6R  to  have  lower  values,  and  for  the  phase  ptirity  to  assure  a  higher  percentage  of  stoichiometric 
composition. 

Recently,  many  studies  have  been  dedicated  to  metallic  and  ceramic  UFP^'^’  due  to  enhanced  chemical 
(catalysis,  reactivity),  mechanical  (sinterizability,  plasticity' \  etc)  and  electric  or  magnetic  properties. 

The  obtaining  of  nanosize  particles'^  is  mainly  possible  through: 

a)  condensation  by  adiabatic  expansion  of  supersonic  vapour  or  gas  jets. 

b)  surface  erosion  of  a  target  (ablation)  through  interaction  with  beams  (photons,  electrons,  ions)  or 

through  an  electrical  discharge  (the  target  being  one  electrode). 

Using  method  a),  mainly  gaseous  particles  are  obtained.  In  case  b),  the  ablation  can  be  produced  in  the  presence  of  a 
chemically  active  or  inert  gas  atmosphere.  In  the  case  of  a  chemically  active  gas  environment,  the  particles  are  the  final 
product  of  reactions  between  species  in  the  target  plasma  and  the  gas  molecules;  this  is  known  as  reactive  ablation.  Ablation 
using  beams  is  expensive  in  comparison  with  that  using  electrical  discharges,  but  the  control  of  particle  quality  parameters  is 
better.  Using  laser  systems  as  photon  sources  has  some  advantages  in  the  production  of  ultrafine  powders,  such  as:  the  process 
is  clean,  good  control  of  the  ablated  region  and  the  speed  of  the  particles  is  possible,  the  plume  has  a  well-directed  expansion, 
operation  at  high  gas  pressures  is  possible,  which  implies  the  possibility  of  high  quality  powders.  A  shortcoming,  though,  is 
the  lower  production  rate. 

2.2.  UFP  production  through  reactive  laser  ablation 

Reactive  laser  ablation  (RLA),  used  for  ultrafine  ceramic  powder  production,  is  based  on  thermal  (generally)  or 
chemical  (rarely)  ablation  of  a  target  in  a  reactive  gas  atmosphere.  The  overall  production  process  consists  of  several  localised 
processes:  laser  beam  energy  absorption  in  the  target,  thermal  evaporation,  plasma  plume  expansion,  gas-phase  reactions  and 
particle  collection.  In  many  aspects,  the  initial  process  is  very  similar  to  those  for  thin  film  deposition,  but  there  are 
differences  in  the  subsequent  plasma  evolution  for  the  two  cases,  due  to  the  much  higher  gas  pressure  used  for  UFP 
production. 

A  part  of  the  laser  beam  photons  are  absorbed  by  the  atoms  or  molecules  in  the  target'^.  The  amount  of  energy 
absorbed  depends  on  laser  beam  and  target  parameters  through  the  reflectivity  R.  The  reflectivity  is  related  to  the  wavelength 
and  polarisation  of  the  laser  beam,  the  nature,  surface  state  and  temperature  of  the  target,  and  the  incidence  angle  of  the  beam 
on  the  target.  The  energy  Eats  absorbed  from  the  incident  laser  energy  on  the  target  surface  E  is: 

Eabs  =  E(l-R)  (2) 
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The  absorbed  energy  is  dissipated  in  depth  of  target  according  to  the  exponential  Beer  law,  with  an  absorption 
coefficient  a[cm‘*],  dependent  on  material  nature  and  laser  beam  wavelength.  A  more  important  parameter  is  the  absorption 
length  la[cm],  given  by: 


lo[cm]=l/a  (3) 

representing  the  depth  where  the  major  part  of  energy  is  absorbed. 

Among  the  laser  ablation  mechanisms,  direct  ablation,  that  is,  photochemical  desorption  of  the  species  which 
constitute  the  target  (atoms,  molecules,  ions)  by  bond  breaking  with  high  energy  photons  (from  UV  laser  beam),  is  possible 
for  very  limiting  materials  only.  In  most  cases,  thermal  evaporation  produces  ablation. 

The  species  are  excited  by  photon  absorption  from  laser  beams.  Excited  species  lose  energy  by  photon  emission, 
which  can  reexcite  other  species,  or  nonradiative  transition,  thermally.  Finally,  almost  all  absorbed  energy  is  transferred  to 
heating  energy  of  target.  In  this  manner,  the  laser  beam  is  a  heat  source  for  the  target  material  and  this  thermal  behaviour  is 
submitted  to  the  heat  equation.  The  absorbed  energy  is  consumed  for  irradiated  zone  heating,  melting  and  latent  heats  of 
vaporisation.  A  part  of  this  energy  is  lost  by  heat  diffusion,  convection  and  thermal  radiation.  If  the  irradiated  zone 
temperature  rises  above  vaporisation  threshold,  ablation  occurs  by  free  vapour  species  emission.  The  excess  vaporisation 
energy  is  transferred  to  the  vapour  plume  particles  as  internal  and  translational  energy.  The  convection  and  thermal  radiation 
are  negligible  in  the  energy  heat  balance  for  RLA  conditions.  Energy  loss  by  diffusion  is  directed  by  a  material  parameter,  the 
thermal  diffusivity  D[cm^/s]=k/p  Cp  and  thermal  diffusion  length  lx  =  2(D  Tj)^^,  where  k[W/cm  K]  is  the  thermal  conductivity, 
p  -  material  density,  Cp  -  specific  heat  and  X\  is  the  laser  pulse  duration.  To  characterise  the  ablation  phenomenology,  the 
relationship  between  la  and  lx  is  of  great  importance. 

If  la  » lx  surface  absorption  of  the  radiation  exists  and  the  material  is  ablated  layer  by  layer.  For  this  case,  applicable 
for  almost  all  metallic  targets,  an  approximate  solution  of  the  heat  equation  is  possible,  which  gives  the  threshold  laser 
fluence,  the  temperature  rise  of  the  target  surface  and  the  material  removal  rate.  Some  acceptable  approximations  are 
necessary,  such  as:  temperature  independence  of  interaction  and  material  parameters,  neglecting  of  melted  layer  in  the 
ablation  zone,  and  temperature  gradient  in  the  target. 

In  order  for  ablation  to  take  place,  a  temperature  rise  above  the  vaporisation  temperature  is  necessary.  This  implies  a 
laser  irradiance  I  greater  than  the  threshold  irradiance  Ith, 


Ith  =  pAHv/a(l-R)  T,. 


(4) 


If  the  threshold  energetic  condition  is  fulfilled,  the  estimated  temperature  rise  for  an  irradiance  I  >  Ith  is 
AT  s  I  It  /  7i''^  K  (5) 

For  moderate  intensities,  I  near  1 which  lead  to  very  convenient  powder  quality  parameters,  laser  energy  absorbed 
or  scattered  in  the  plasma,  and  energy  losses  by  diffusion  outside  the  ablated  zone  and  thermal  convective  losses  can  be 
neglected.  In  these  conditions,  the  mass  released  from  the  target  ma ,  upon  interaction  with  a  laser  pulse  having  energy  E, 
representing  the  ablated  mass  rate  per  pulse,  is: 

iria  =  E(l-R)  /  (Cp  AT  +  AHn,  +  AH^)  (6) 

where  AHm  and  AHy  are  melting  and  vaporisation  enthalpies. 

The  target  material  is  released  in  the  form  of  particles,  molecules,  atoms  (neutral  or  charged)  and  electrons,  which 
constitute  a  plasma  plume  evolving  in  ambient  atmosphere.  The  plasma  plume  evolves  in  a  direction  normal  to  the  target,  with 
speed  and  directionality  parameters  depending  on  the  interaction  geometry  and  coupling.  The  pressure  and  nature  of  the 
ambient  gas  have  a  great  influence  on  plume  expansion  and  reactivity. 
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The  expansion  model  for  the  motion  of  an  ablation  plume  in  a  high  pressure  atmosphere,  specific  for  the  UFP 
process,  seems  to  be  the  effusion  or  the  recondensation  model*"^  rather  than  the  outflow  model.  According  to  this  model,  the 
ejected  species  have  a  planar  motion* oriented  normal  to  the  target.  After  thermalization  by  a  few  collisions  in  the 
Knudsen  Layer  (KL),  the  species  acquire  a  Maxwellian  velocity  distribution.  This  is  followed  by  an  unsteady  adiabatic 
expansion  (UAE)  when  their  pressure  is  above  the  ambient  gas  pressure,  and  deceleration  after  the  formation  of  a  shock  wave 
in  the  ambient  gas,  when  the  two  pressures  become  equal.  The  best  conditions  for  reaction  between  the  ejected  species  and  the 
gas  environment  are  present  in  this  last  stage  of  evolution. 

During  plasma  evolution,  the  ejected  species  undergo  elastic  or  inelastic  collisions  among  themselves  (proportional 
to  their  density),  leading  to  thermalization  (in  the  KL),  or  recondensing  in  larger  particles  which  evolve  in  the  forward  plume 
direction  towards  the  collector  or  backward  towards  the  target. 

Another  essential  collision  in  ceramic  UFP  processes  is  the  reaction  collision  with  ambient  gas  species  to  obtain  the 
desired  molecular  clusters.  The  reaction  probability*^  is  governed  in  this  case  by  the  reaction  cross  section  between  plume  and 
gas  species.  The  reaction  cross  section  is  dependent  on  the  nature  of  the  reactants,  the  interaction  energy  and  geometry.  In 
most  cases,  atomic,  ionic  or  excited  species  and  higher  relative  collision  velocities  lead  to  increased  reaction  cross  section. 

Considering  target  plume  species  of  density  nt  and  gas  species  of  density  ng  interacting  in  the  volume  V  with  a 
relative  velocity  v  =  ]  Vt  -  Vg  |,  the  reaction  rate  for  powder  molecules  production  is  given  by: 

Np  =  ntngVvS(v),  (7) 

where  S(v)  =  la(v,Q)  dQ  is  total  reactive  cross  section,  Q  being  solid  angle  in  interaction  space. 

For  higher  powder  purity,  which  means  the  absence  of  unreacted  target  species,  (7)  implies  that  excess  gas  density  is 
favourable.  But  a  higher  gas  pressure  means  a  higher  density  of  species  at  the  contact  front  when  the  shock  wave  is  created,  a 
greater  probability  of  large  cluster  formation,  and  thus  low  quality  parameters  for  powder.  For  lowering  ambient  gas  pressure 
and  plume  density,  desirable  for  smaller  particles,  it  is  favourable  to  obtain  a  higher  production  rate  by  increasing  the  species 
reactivity  S(v)  and  collision  velocity. 

Once  powder  particles  are  produced  by  chemical  reaction,  their  subsequent  collisions  with  the  gas  atmosphere  cool 
and  scatter  them.  If  cooling  is  desired,  so  that  their  kinetic  energy  does  not  permit  collector  heating  and  thus  lowering  of 
adhesion,  then  scattering  means  loss  of  particles.  In  order  to  avoid  powder  losses,  a  suitable  gas  flow  rate  is  used  to  direct 
particles  towards  the  collecting  filter. 

2.3.  Methods  of  UFP  production  process  improvement 

How  the  above-mentioned  UFP  production  process  is  similar  to  thin  film  deposition,  as  well  as  many  aspects  of  the 
quality  parameters  request  for  dimensionality  and  stoichiometry,  are  the  same.  A  higher  ambient  gas  pressure  influences  the 
last  part  of  the  UFP  production  process.  For  such  a  process,  a  quantitative  analysis  is  very  difficult,  but  establishing  of  the 
qualitative  correlation  in  process  phenomenology  can  lead  to  improvement. 

Fluence  has  a  major  influence  on  the  dimension,  energy,  nature  and  density  of  species  ejected  from  the  target.  As 
already  shown,  in  order  for  ablation  to  occur,  the  fluence  must  be  greater  than  the  threshold  value*^.  A  moderate  fluence  above 
threshold  has  a  beneficial  effect  on  the  decrease  of  ejected  species  dimension  and  density,  which  is  favourable  for  powder 
finesse.  At  the  same  time,  a  lower  ionization  degree  and  energy  is  expected. 

Because  many  pulses  are  necessary  to  ablate  a  significant  amount  of  material*  from  the  target,  although  the  target  is 
rotated,  surface  erosion  produces  craters  that  are  responsible  for  the  ejection  of  large  agglomerates*®’^**.  The  value  of  the 
ambient  gas  density  is  very  important  for  decelerating  (in  the  case  of  an  inert  gas)  and  to  completely  react  (for  a  reactive  gas) 
with  plume  particles.  On  the  other  hand,  a  high  pressure  means  a  higher  density  of  species  in  the  plume-gas  contact  front  and  a 
higher  collision  probability,  thus  a  greater  probable  particle  size. 

Auxiliary  techniques  aiding  UFP  production  process  can  improve  some  process  conditions  to  obtain  a  better  quality 
powder.  Such  techniques  can  be:  electrical  discharge^*,  electric  or  magnetic^^  fields  and  UV  photons.  While  electric  or 


191 


magnetic  fields  mainly  influence  plume  parameters,  and  UV  photons  dissociate  or  excite  gas  molecules  to  increase  reaction 
capability  at  lower  pressures,  an  electrical  discharge  acts  both  on  plume  and  ambient  gas  parameters. 

An  auxiliary  electrical  discharge,  triggered  by  the  ablation  laser  plasma,  improves  laser-target  coupling,  plume 
expansion  and  gas  reactivity.  With  a  negatively  biased  electrode  placed  near  the  grounded  target,  the  electrical  field  and 
discharge  which  appear  after  the  ignition  of  ablation  can  accelerate  and  annihilate  plume  ions,  which  means  lowering  of  ion 
density  in  the  path  of  the  laser  beam,  reduction  of  beam  photon  absorption  in  the  plasma  and  increase  of  laser  energy 
absorption  in  the  target.  The  discharge  can  dissociate,  ionize  or  excite  molecules,  increasing  the  reactive  cross  section  of  gas 
species. 


3.  EXPERIMENTAL  PROCEDURE 


3.1.  Experimental  premises 

For  the  Aluminium  target  ablation  by  Nd:YAG  laser  beam,  threshold  values  for  irradiance  and  fluence  can  be 
calculated  using  relation  (5).  They  are  of  70  MW/cm^  and  0.5  J/cm^  (for  7  ns  pulse  duration),  respectively.  In  order  to  find 
the  best  ways  to  improve  the  UFP  production  process,  three  main  experimental  irradiation  conditions  were  established; 

a)  fluence  of  5  J/cm^,  considered  reference  density  of  energy  (RDE), 

b)  low  fluence  of  2.5  J  /  cm^ ,  and  corresponding  low  density  of  energy  (LDE), 

c)  reference  fluence  of  5  J/cm^  with  an  auxiliary  electrical  discharge,  between  an  electrode  and  target,  triggered  by 
the  ablation  plume  (RDA). 

Among  other  methods  of  producing  ultrafme  ceramic  powders,  based  on  evaporation  of  metal  target  in  a  gas 
atmosphere,  reactive  laser  ablation  (RLA)  has  several  advantages:  it  is  a  clean,  controllable  method  that  produces  the  desired 
powder  stoichiometry;  a  lower  production  rate  is  a  shortcoming.  RLA  can  prepare  extremely  fme  powders,  the  energy  density 
and  gas  pressure  being  the  main  factors  for  decreasing  particles  size. 

Some  of  these  dependencies  and  a  possible  method  of  improving  the  process  with  an  auxiliary  electrical  discharge 
are  described. 

Ultrafme  alumina  ceramic  powder  production  was  chosen  as  being  representative  for  other  UFP  ceramics  produced 
by  RLA.  Ultrafme  alumina  sintered  ceramics  also  exhibit  enhanced  mechanical  properties,  such  as  superplasticity^*.  Alumina 
powder  was  produced  by  aluminium  target  ablation  using  a  NdiYAG  laser  beam  in  15.8  kPa  (120  torr)  oxygen  atmosphere. 

3.2.  Experimental  arrangement 

Alumina  UFP  is  produced  by  RLA  in  a  stainless  steel  irradiation  vacuum  chamber  connected  to  a  preliminary 
vacuum  pump  and  turbomolecular  pump,  reaching  a  base  pressure  of  10'^  Pa  (8x10*^  torr).  An  oxygen  pressure  of  15.8  kPa 
was  maintained  in  the  chamber  at  a  flow  rate  of  1  1/min,  by  preliminary  pump  operation  and  a  continuum  adjustable 
connecting  valve.  The  target  was  high  purity  Aluminium,  smoothed  using  fme  emery  paper  and  ultrasonically  cleaned.  In 
order  to  avoid  the  formation  of  large  craters  by  superposition  of  two  consecutive  pulses,  the  target  is  rotated  at  40  rot/min. 

The  Gaussian  Nd:YAG  laser  beam  (BM  Industries,  Model  501  DNS  Compact;  1064  nm  wavelength;  350  mJ  pulse 
energy;  7  ns  pulse  duration,  10  pps  repetition  rate)  (fig.  1)  is  focused  by  a  lens  (focal  length  1  =  600  mm),  and  interacts  with 
the  target  at  a  45°  incidence  angle  in  the  horizontal  plane.  Alumina  powder  was  collected  on  50  pm  stainless  steel  grids  and 
.1mm  nylon  filters  (Nihon  Millipore  Ltd)  placed  along  a  direction  normal  to  the  target,  in  vacuum  path.  The  target-collector 
distance  is  300  mm  approximately. 

The  aluminium  electrode  for  the  auxiliary  electrical  discharge  was  placed  in  a  vertical  plane  5  mm  from  the  beam 
impact  zone  centre.  The  fluence  on  the  target  was  varied  by  changing  the  distance  between  focusing  lens  and  target,  from  425 
mm  in  RDE  and  RDA  to  345  mm  for  the  LDE  regime. 

The  impact  spot  area  was  established  by  microscope  examination  of  the  target  surface  morphology  after  20 
superposed  pulses  and  a  geometrical  calculation,  considering  the  beam  diameter  before  focusing,  focal  length,  lens-target 
distance  and  incidence  angle.  Within  the  limit  of  3%  differences,  7  mm^  and  14  mm^  spot  area  on  target  were  considered,  that 
is  5  J/cm^  and  2.5  J/cm^  fluence. 
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Figure  1 .  Experimental  setup 

Outside  the  chamber,  in  a  plane  parallel  to  the  target  surface,  a  High  Speed  Framing  Camera  (IMCO  Electro-Optics 
Ltd,  model  FS  501)  was  placed  to  study  the  spatial  and  temporal  evolution  of  the  ablation  plume. 

3.3  Electrical  discharge  circuit 

The  scheme  of  the  electrical  circuit  is  shown  in  fig.  2.  A  20  nF  capacitor  battery  (10x2  nF)  charged  at  450  V  voltage 
in  3  ms  from  a  DC  voltage  supply  (Hamamatsu  HTV  C752)  is  discharged,  by  the  ablation  plume,  in  the  space  between 
electrode  and  target.  The  electrode  material  was  chosen  to  be  the  same  with  that  of  the  target  to  avoid  impurification. 


Figure  2.  Electrical  discharge  circuit 

The  electrode  tip  was  placed  in  a  vertical  plane  containing  the  plume  direction,  3  mm  above  this  direction  and  4  mm 
from  the  target,  leading  to  an  angle  of  approximately  40®  between  the  electrical  discharge  and  plume  expansion.  A  capacitor 
battery  energy  of  2  mJ  is  completely  introduced  in  discharge,  in  a  500  ns  discharging  time,  measured  with  a  Hewlett  Packard 
digital  oscilloscope  (HP  5411  ID).  The  linear  slope  of  the  capacitor  discharging  voltage  suggests  a  constant  flow  rate  of 
electrons. 
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4.  EXPERIMENTAL  RESULTS 

These  results  attempt  to  evidence  the  effect  of  the  fluence  on  target  reducing  and  influence  of  an  auxiliary  discharge 
in  alumina  powder  process  by  RLA,  We  follow  these  effects  regarding  to  target  morphology,  plume  evolution  and  powder 
characterisation. 

4,1.  Target  morphology 

Target  track  profile  determination  and  surface  microscope  examination  are  indirect  methods  to  characterise  the 
influence  of  fluence  and  electrical  discharge  on  powder  parameters.  We  determined  the  depth  profile  of  reference  fluence  with 
and  without  auxiliary  discharge. 
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Figure  3.  Track  profile  of  RDE  irradiation  Figure  4  Track  profile  of  RDA  irradiation 

Profile  determination  was  made  by  focusing  depth  (±  1  mm  precision),  while  moving  in  a  radial  direction  on  the 
ablation  track  ring.  Average  pulse  density  on  circumference  length  was  the  same,  approximately  1200  pulses/min  for  both 
cases.  Profile  examination  shows  that  while  without  an  electrical  discharge  (fig  3)  there  is  a  150  pm  ditch  followed  by  a  70 
pm  ridge,  when  an  electrical  discharge  is  present  (fig.  4)  there  are  two  ditches,  42  and  75  pm,  followed  by  25  and  24  pm 
ridges.  This  last  profile  with  smaller  morphological  changing  can  be  a  sign  that  finer  particles  are  ejected  from  the  target  in 
the  case  of  laser  ablation  aided  by  an  electrical  discharge. 

Microscopic  target  morphology  examination  outside  of  the  circular  track  reveals  a  deposition  area  with  big 
recondensed  particles  having  velocities  opposite  to  the  plasma  expansion  velocity,  as  shown  above.  The  dimension  of  the 
particles  depends  on  the  operation  regime.  While  in  the  RDE  regime,  the  cluster  size  is  40-^1 00pm,  for  the  LDE  and  RDA 
regimes,  the  sizes  decrease  4  and  6  times,  respectively,  being  in  10^25pm  and  7’fl5pm. 

The  examination  of  the  target  morphology,  in  the  above  described  manner,  offers  information  on  processes  close  to 
the  target  and  on  the  influence  of  auxiliary  techniques  in  improving  them.  In  the  presence  of  an  electrical  discharge,  an 
improvement  of  powder  finesse  can  be  expected. 

4.2.  Plasma  Evolution 

To  study  spatial  and  temporal  evolution  of  plasma  in  a  high  pressure  ambient  medium  conditions  a  High  Speed 
Framing  Camera  was  used  for  photoimage  registration.  Camera  triggers  simultaneously  with  laser  discharge.  For  every 
experimental  regime  (RED,  LED,  RDA)  8  frames  are  given  for  plume  evolution.  The  most  interesting  image  was  registered  in 
the  presence  of  electrical  discharge,  because  symmetry,  specific  in  RDE  and  LDE  regimes  for  all  frames,  is  affected  during 
expansion.  This  image,  computer  scanned  and  2.5  times  magnified,  is  given  below  in  figure  5. 

Sequence  of  frames  is  in  order:  1  .  4-^5  8 

;  T  i  t 

2  3  6  ->  7 
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Figure  5.  The  frames  of  plasma  expansion  for  RDA  irradiating  regime 

Delay  and  exposure  time,  controlled  by  NEC-PC9801nv,  of  each  frame  was  chosen  to  obtain  the  best  exploring  of 
the  plxime  evolution,  being  given  below: 

Delay[ps]/(Exposure  time[ns]):  0.51(60)  -  0.8/(60)  -  1.3/(60)  -  2/(100)  -  2.9/(170)  -  4.1/(400)  -  6.1/(700)  -  8.6/(1200) 


RDE  LDE  RDA 

Figure  6.  The  6^  frame  of  plasma  expansion  for  RDE,  LDE  and  RDA  regimes 


Differences  which  appear  between  the  three  operation  regimes,  for  the  6^  frame,  conputer  scanned  and  8  times 
magnified,  are  shown  in  figure  6.  A  summary  analysis  of  plume  expansion  reveals  that : 

-  the  plume  remains  coupled  to  target  up  to  the  last  frame  (8.6  ps),  because  expansion  is  decelerated  by  high  pressure 
ambient  gas 

-  the  expansion  velocity  is  much  more  reduced  in  conparison  with  free  expansion  (in  vacuum),  being  of  0.8x1  O^m/s 
in  RDE  or  RDA  regimes  and  40xl0Ws  for  vacuum  expansion 

-  the  expansion  symmetry,  appearing  in  regimes  without  discharge,  is  disturbed  in  regime  with  discharge  presence, 
1.3ps  from  plasma  initiation 

-  low  brightness  and  rapid  quenching  of  emission  in  LDE  regime  appear,  0.5 ps  from  plasma  initiation 

-  plasma  expansion  can  be  characterised,  for  each  experimental  regime,  in  the  following  manner: 
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-  spherical  expansion  with  R(t)  ~  t^  for  RDE  regime,  R  being  distance  of  plasma  front  to  target,  t 

is  time  from  plasma  initiation  and  P-expansion  parameter 

-  planar  expansion  in  the  case  of  LDE  regime 

-  initial  spherical  expansion  (<l,3ps)  is  changed  to  approximate  planar  expansion,  for  RDA  regime. 

5.  POWDER  CHARACTERISATION 


The  main  quality  parameters  for  powder  characterisation  are  particle  size  and  chemical  composition.  These 
parameters  give  powder  finesse  and  purity. 


5.1.  Dimensional  characterisation 

To  determine  particle  dimensions  a  Scanning  Electron  Microscopy  (SEM)  with  JEOL  Superprobe  733  (xlO  000 
magnification)  was  used.  A  part  of  the  registered  micrographs,  computer  scanned,  is  shown  in  figure  7,  for  every  operation 
regime. 


RDE 


LDE  RDA 


Figure  7.  The  powder  micrographs  for  RDE,  LDE  and  RDA  regimes 


Significant  differences  appear  between  powder  images  of  the  reference  regime  (RDE)  and  LDE  or  RDA  regime. 
While  in  RDE  conditions,  most  of  the  observed  particles  are  submicronic,  spherical  and  with  sharp  edges  for  10  000  times 
magnification,  in  LDE  and  RDA  micrographs,  the  “fuzzy”  images  which  appear,  at  the  same  magnification,  signify  the 
presence  of  much  smaller  particles,  with  dimension  much  lower  than  the  microscope  resolution  limit. 

As  observed,  the  presence  of  an  electrical  discharge  in  a  plasma  generated  at  high  fluence  has  a  favourable  effect  in 
size  decreasing  the  size  of  the  powder,  similar  to  fluence  reduction. 


5.2.  Purity  characterisation 

The  physical  and  chemical  properties  of  a  powder  have  a  strong  dependence  on  the  chemical  composition.  In  the 
case  of  RLA,  if  a  high  purity  target  and  gas  are  used,  unreacted  target  ejected  species  can  impurity  the  powder  composition.  In 
respect  to  this,  X-Ray  Diffraction  (XRD)  spectra  for  every  irradiation  regime,  in  a  0-20  scan  and  30^80®  angular  interval,  was 
traced. 


Spectra  analysis  show  that: 

-  spectra  shape  is  quite  similar,  with  y-alumina  lines  being  stronger  for  crystalline  orientations  (400)  or  (440)  and 
less  intense  for  (311)  or  (222), 

-  the  powder  spectrum  of  alumina  produced  in  RDE  regime  seems  to  have  a  very  small  line  of  Al(l  11),  signifying 
possible  presence  of  low  amount  of  unoxidized  metal, 

-  the  spectra  of  powder  produced  in  the  LDE  or  RDA  regime  present  y-alumina  lines  only,  indicating  obtaining  of  a 
very  high  purity  powder. 
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Regarding  to  the  above  considerations,  one  may  conclude  that  the  presence  of  an  electrical  discharge  improves 
powder  purity  obtained  in  high  fluence  irradiating  conditions. 

6.  POWDER  PRODUCTION  RATE 

The  process  powder  production  rate  is  given  by  the  collected  mass  of  powder  for  a  laser  pulse.  It  depends  on  the 
ablation  rate  and  powder  collection  efficiency. 

The  target  ejected  mass  is  related  to  the  interaction  parameters  (laser  beam  pulse  characteristics,  nature  and  surface 
state  of  target,  etc.).  Using  the  calculated  ablation  rate  (6),  in  our  conditions  it  is  135  ng/pulse.  In  the  same  conditions, 
measured  target  mass  losses  are  100  ng/pulse  for  RDE  regime,  110  ng/pulse  for  LDE  and  120  ng/pulse  for  RDA  regime. 
Differences  between  measured  rates  are  not  significant  enough  to  conclude  favourable  regimes.  Also,  calculated  and 
experimental  data  of  target  mass  loss  show  good  agreement,  meaning  that  approximations  used  in  the  theoretical  model  were 
justified. 

The  collection  efficiency  is  defined  as  the  ratio  of  deposed  powder  mass  on  filter  and  mesh  to  obtainable  powder 
mass  by  total  reaction  of  ejected  species  from  target.  In  our  case,  the  difference  between  both  masses  is  insignificant,  meaning 
that  flow  gas  rate  is  able  to  collect  all  ceramic  particles. 

Because  of  low  powder  production  rate,  long  laser  operation  (>10^  pulses)  was  necessary  for  all  three  irradiating 
conditions  to  obtain  a  significant  amount  of  powder. 


7.  CONCLUSIONS 

As  is  known,  fluence  reduction  has  a  favourable  effect  on  improving  the  quality  parameters  of  powders.  Our 
experiments  confirm  this.  Electrical  discharge  presence  in  the  plasma  produced  with  a  high  fluence,  described  in  this  paper, 
assures  obtaining  of  a  higher  quality  powder  in  comparison  to  the  absence  of  discharge  case.  The  effect  of  electrical  discharge 
presence  in  plasma  is  similar  to  fluence  reduction. 

The  influence  of  the  electrical  discharge  on  laser-target  coupling  and  plasma  evolution,  show  that  powder  parameters 
depend  on  all  RLA  process  steps,  and  electrical  discharge  presence  (with  negative  biased  electrode)  in  plasma  gives  a 
favourable  modification  of  target  irradiation  and  plume  expansion  parameters. 

Although  the  powder  characterisation  methods  used  (SEM  and  XRD)  mainly  give  qualitative  information  on  powder 
quality,  the  good  role  of  discharge  presence  is  evidenced. 

In  conclusion,  this  work  confirms  that  using  a  low  laser  beam  fluence  for  target  ablation  is  favourable  for  reducing 
the  particle  size  and  obtaining  a  correct  stoichiometry  of  the  powder.  The  presence  of  an  auxiliary  discharge  in  the  ablation 
plume  for  a  higher  energy  density  leads  to  the  same  results  as  the  low  energy  density  case,  namely  the  production  of  high 
quality  powders. 

We  consider  that  the  method  of  reactive  laser  ablation  aided  by  an  auxiliary  discharge,  can  be  a  good  basis  for  future 
improvement  of  the  ultrafine  powder  production  process. 
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ABSTRACT 

Since  the  theoretical  studies  of  Liu  and  Cohen  who  predicted  the  existence  of  a  superhard  phase  of  caibon  nitride,  a 
great  deal  of  effort  was  underdone  in  order  to  synthesise  this  hypothetical  material  with  a  nitrogen  content  as  high  as  the 
57%  present  in  a  P-C3N4  structure.  This  study  presents  an  attempt  to  produce  CN^  thin  films  using  the  laser-induced  CVD 
technique.  CW  CO2  laser  was  used  for  irradiating  various  carbon-nitrogen  containing  mixtures  such  as  C2H4/N2O/NH3.  The 
CNx  films  were  grown  alternatively  on  bare  alumina  (a-Al203)  substrates  and  on  pre-deposited  Ti  films.  A  comparative 
analysis  of  nitrogen  incorporation  in  the  films  obtained  in  different  experimental  conditions  was  performed  by  means  of  the 
X-ray  photoelectron  spectroscopy  (XPS).  The  same  method  was  used  to  identify  the  chemical  states  of  the  CN  system. 

Keywords:  laser  pyrolysis,  carbon  nitride,  thin  films,  XPS  analysis 

1,  INTRODUCTION 

In  the  last  few  years,  the  synthesis  of  carbon-nitride  films  has  been  the  subject  of  numerous  experimental  [1-5]  and 
theoretical  [6-8]  studies.  The  prediction  of  its  extreme  hardness,  high  thermal  conductivity  and  a  high  elastic  modulus  for  a 
covalent  C3N4  material  [6,7]  has  raised  a  great  interest  in  the  scientific  world,  in  order  to  obtain  and  to  study  this  new 
material.  Different  methods  for  obtaining  CNx  thin  films,  such  as  ion  beam  assisted  deposition,  magnetron  sputtering  laser 
reactive  ablation,  shock  compression  and  cyclotron  resonance  plasma  assisted  vapour  deposition  have  been  a^Jlied. 

In  a  previous  work  [5]  we  first  demonstrate  the  possibility  of  a  laser-CVD  method  to  produce  CNx  thin  films  by 
using  different  caibon/nitrogen  gas  precursors  and  substrates.  In  this  report  we  have  studied  the  dependence  of  the  chemical 
content  of  films  obtained  by  IR  irradiation  on  some  deposition  parameters  such  as  gas-mixture  composition  and  nature  of 
the  substrate.  Using  ethylene/nitrous  oxide/ammonia  precursor  system^  the  partial  concentration  of  NH3  was  successively 
varied  in  order  to  enhance  nitrogen  incorporation  in  CNx  thin  films.  Irradiation  was  made  alternatively  on  bare  alumina  (a- 
AI2O3)  and  pre-deposited  Ti  substrates.  The  various  C-N  bond  configurations,  identified  by  XPS  analysis  are  discussed. 


2.  EXPERIMENTAL 

The  experimental  set-up  for  laser-CVD  has  been  described  in  [5].  Briefly,  it  consisted  of  a  glass  reaction  cell  (base 
pressure  10'^  torr)  into  which  the  gases/vapours  and  the  substrate  are  introduced.  A  medium  power  CW  CO2  laser 
(maximum  output  power  50  W)  has  been  used.  The  incident  laser  energy  could  be  varied  by  modifying  the  irradiation  time 
and  by  using  an  electrical  chopper  with  variable  pulse  length  (ms)  and  frequency  (Hz).  The  IR  radiation  of  the  CO2  laser 
was  penetrating  the  cell  through  a  NaCl  window  and  was  focused  through  a  NaCl  lens  (f=  15  cm),  perpendicularly  to  the 
substrate  (2  cm  behind  it).  The  incident  laser  energy  onto  the  substrate  was  maintained  at  about  1337  J  in  all  cases. 
Alternatively  the  film  were  grown  on  bare  a-Al2C)3  and  pre-deposited  Ti  layers.  For  obtaining  pre-deposited  Ti  films,  TiCL 
dissociation  by  means  of  the  CO2  laser  radiation  was  performed  at  room  temperature  and  at  a  TiCL  vapour  pressure  of  ~  10 
torr.  The  thickness  of  the  deposited  Ti  films  was  measured  by  interference  microscopy  (approximate  accuracy  level  1/20  of 
the  visible  light  wavelength).  Prior  to  each  CNx  deposition  on  a  Ti  substrate,  the  Ti  films  were  thoroughly  degassed  and  kept 
under  vacuum. 

The  CNx  films  were  deposited  1^  irradiating  mixtures  of  ethylene/nitrous  oxide/ammonia,  with  variable  partial 
concentrations  of  NH3  (C2H4;N20;NH3=  1:2:3,  1:2:5,  1:2:8  and  1:2:10),  at  a  total  pressure  of  ~  80  torr.  When  using  a  pre- 
deposited  substrate,  the  relative  concentration  of  gases  was  C2H4:N20:NH3=  1:2:8. 
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The  chemical  and  morphological  properties  of  the  produced  films  were  characterized  X-ray  photoelectron 
spectroscopy  (XPS)  and  scanning  electron  microscopy^  (SEM).  Photoelectron  spectra  were  obtained  with  a  VG  ESCALAB 
MK  II  spectrometer  (base  pressure  9  x  10'^^  mbar).  For  XPS,  A1  ka  radiation  (hv-  1486.6  eV)  was  used.  Spectral 
calibration  was  performed  means  of  the  Ag  3d3/2  (h  v  =368.26  eV)  line,  with  the  Fermi  level  as  an  energy  reference.  A 
"flood  gun"  was  used  for  the  correction  of  surface  charging  effects. 


3.  RESULTS  AND  DISCUSSIONS 


3.1  Deposition  of  titanium  substrates 

In  the  IR  wavelength  range,  TiCl4  is  transparent  to  the  CO2  laser  radiation.  In  a  perpendicular  geometty  of 
irradiation  the  Ti  film  grows  on  AI2Q3  surface  due  to  thermal  decomposition  of  reactant  molecules  adsoibed  on  the  laser 
heated  surface.  The  variation  in  film  thickness  with  increasing  effective  irradiation  time  is  shown  in  Figure  1. 


Figure  1.  The  dependence  of  Ti  film  thickness  on  effective  irradiation  time,  in  case  of  CO2  laser  pyrolysis  of  TiCL  vapor 

The  plot  was  obtained  by  combining  the  results  of  the  IR  transmission  measurements  with  those  given  by  the  interferential 
microscopy’  method.  In  case  of  CNx  film,  a  Ti  thickness  of  --IOOOA  was  used  for  the  pre-dcposited  substrate. 

We  should  note  that  the  catalytic  effect  of  a  Ti  substrate  for  enhancing  photo-deposition  was  observed  earlier  [9]. 
However,  it  was  shown  [10]  that  the  high  reactivity  of  Ti  with  many  functional  groups  (among  which  CN^  at  a  surface  may 
shift  preferentially  the  reaction  routes  leading  finally  to  titanium  compounds. 

3.2.  CNx  thin  film  deposition 

If  we  refer  to  the  induced  decomposition  of  the  gas  precursors  involved  in  the  present  deposition  process,  we 
observe  that  N2O  has  the  lowest  dissociation  energy  (D[N2-0]=1,67  eV),  as  compared  to  C2H4  (D[H2C-CH2]=7.2  eV]  and 
NH3  (D[NH2-H]=4.3  eV).  On  another  hand,  it  is  known  that  N2O  dissociation  promotes  an  oxidizing  atmosphere  trou^  the 
release  of  native  oxygen 

NsO-^Na  +  O  (1) 

which  favors  ethylene  depletion  (at  high  temperatures)  with  partial  conversion  to  acetylene.  It  was  indeed  observed  that 
C2H2  was  the  main  gas  product  in  laser  reactions  involving  N2O  and  C2H4  [11].  At  the  same  time,  when  the  precursor 
mixture  has  a  high  N2O  relative  concentration  (at  low  NH3  partial  pressure),  carbon  incorporation  in  films  increases, 
resulting  in  low'  nitrogen-to-caibon  ratio  in  films.  This  will  be  discussed  below'. 

During  CNx  deposition,  different  C2H4/N2O/NH3  gas  mixtures  for  which  the  NH3  relative  concentration  was 
progressively  increased  were  studied.  The  experimental  parameters  are  listed  in  Table  1,  for  samples  CN20-CN23, 
respectively. 

Also  presented  in  Table  1  is  the  sample  labeled  CN25,  for  which  the  laser  deposition  occurred  on  a  pre-deposited 
Ti  substrate.  During  each  run,  the  nitrogen  incorporation  and  the  chemical  bonds  in  films  were  analyzed  by  XPS. 
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The  N/C  atomic  ratio  for  the  as-deposited  CNx  films  on  a-Al203  and  pre-deposited  Ti  substrate  is  presented  in 
Table  1.  Due  to  the  fact  that  the  elemental  composition  indicates  the  usual  carbon  contamination  in  the  ambient,  the  N/C 
values  in  parentheses  were  obtained  by  subtracting  the  contribution  of  adventitious  carbon  (at  284.6  eV  in  Table  1).  At  the 
same  timp  the  detected  oxygen  contamination  for  samples  handled  in  air  suggests  a  higher  degree  of  surfece  oxidation  for 
the  film  grown  on  a  pre-deposited  Ti  substrate.  A  higher  N/C  ratio  in  films  was  obtained  by  using  precursor  mixtures  with 
intermediate  partial  concentrations  of  NH3  (samples  CN21  and  CN22). 

Table  1. 

Mixture  composition  and  XPS  results  for  CNx  films  obtained  by  IR  irradiation!  1337  J  incident  laser  energy)  The  mixture 


total  pressure  was  80  torr. 


Run 

Mixture 

N/C*  (at%),  as  deposited  films 

C2H4:N20:  NH3 

(calculated  fi’om  XPS  data) 

CN20 

1:2:3 

0.04  (0.14) 

CN21 

1:2:5 

0.1  (0.35) 

CN22 

1:2:8 

0.11  (0.29) 

CN23 

1:2:10 

0.06  (0.18) 

CN25^ 

1:2:8 

0.04  (0.09) 

t)  Films  grown  on  pre-deposited  Ti  layers. 

*)  The  values  in  parenthesis  were  obtained  by  subtracting  the  contribution  of  the  adventitious  carbon 
from  the  C  overall  concentration  in  films. 

Following  the  analysis  of  carbon  and  nitrogen  XPS  lines  performed  by  Wu  [2],  there  are  four  characteristic  peaks 
in  the  Cls  spectrum  and  three  in  the  Nls  spectrum  which  characterise  thin  CNx  films.  These  peaks  were  also  analysed  by 
Marion  et  al.  [3].  In  Figure  2  and  Figure  3  are  shown  typical  Cls  and  respectively  Nls,  spectra  of  films  deposited  on  a- 
AI2O3.  The  spectra  a  (Fig.  2  and  Fig.  3)  and  b  (Fig.  2  and  Fig.  3)  were  obtained  from  C2H4:N20;NH3  =  1:2:8  and 
C2H4:N20:NH3  =  1:2:10  gas  mixtures,  respectively  (samples  CN22  and  CN23,  respectively). 


a)  b) 

Figure  2. 

Caibon  XPS  deconvoluted  spectra  of  films  obtained  ftom  C2H4/N2O/NH3  mixtures  with  relative  concentrations: 
C2H4:N20:NH3=  1:2:8  (a)  and  1:2:10  (b)  on  a-Al203  substrates.  The  spectra  a  and  b  correspond  to  samples  CN22  and 

CN23,  respectively,  in  Table  1. 
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Binding  Energy  (e  V  ) 


a)  b) 

Figure  3. 

Nitrogen  XPS  deconvoluted  spectra  of  films  obtained  from  C2H4/N2O/NH3  mixtures  with  relative  concentrations: 
C2H4:N20:NH3=  1:2:8  (a)  and  1:2:10  (b)  on  a-Al203  substrates.  The  spectra  c  and  d  correspond  to  samples  CN22  and 

CN23,  respectively,  in  Table  1. 


Characteristic  peaks  [2]  at  284,6.  285.9,  287.5  and  289.5  eV  of  the  Cls  photoelectrons  and  398.4  399.8  and  402.1  eV  for 
the  Nls  photoelectrons  were  chosen,  in  order  to  obtain  the  deconvolution  of  spectra,  and  the  best  gaussian  fits.  Their  relative 
%  atomic  concentrations  expressed  as  ratios  areas  of  the  peaks  areas,  are  presented  in  Table  2  and  calculated  relatively  to 
the  total  C  and  N  atomic  concentrations.  Accordingly,  the  results  of  the  deconvolution  of  Cls  and  Nls  spectra  imply  the 
presence  of  different  types  of  chemical  bonding  in  the  films  Thus,  the  Cls  peak  at  284.6  eV  is  near  the  value  usually 
assigned  to  adventitious  carbon  but  may  contain  contributions  from  amorphous  carbon,  graphite  and  surface  caibon  which 
have  lost  their  nitrogen  due  to  reactions  with  O2  [8].  However,  this  peak  was  also  associated  with  the  Nls  peak  at  402. 1  eV 
for  describing  a  carbon  nitride  phase  with  a  very  low  nitrogen  incorporation  [4],  This  last  nitrogen  peak  (402. 1  eV)  was  also 
identified  as  coming  from  free  nitrogen  atoms  [2].  The  Cls  peak  at  289.5  eV  was  attributed  to  COtype  bonds. 


Figure  4. 

Carbon  (a)  and  nitrogen  (b)  XPS  deconvoluted  spectra  of  films  obtained  in  IR  irradiation  from  C2H4/N2O/NH3  mixture 
with  relative  concentration:  C2H4:N20:NH3=  1:2:8  on  pre-deposited  Ti  substrates  (sample  CN25  in  Table  1) 
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The  remaining  Cls  and  Nls  peaks  were  selected  in  tw'o  pairs,  each  of  them  reflecting  difierent  binding  states 
between  carbon  and  nitrogen:  i)  the  pair  287.5  and  398.4  eV  was  assigned  to  a  phase  1  (C'  and  N'),  reflecting  a 
tetrahedrally  (sp^)  bonded  carbon  phase  which  should  resemble  the  P-C3N4  phase  [2];  ii)  the  pair  285.9  and  400.1  eV  was 
ascribed  to  a  phase  2  (C^  and  N^)  resembling  to  sp^  bonded  C  and  comprising  a  lower  N  incorporation,  this  composition 
supporting  variations  from  C5N  to  C4N2  and  beyond  [3].  We  should  note  that  the  phase  ascribed  to  sp^  bonded  C  was 
identified  by  Sharma  et  al.  [12]  with  the  Cls  and  Nls  peaks  at  286. 1  and  398.6  eV,  respectively. 

Based  on  the  relative  %  atomic  concentration  of  C',  C^,  N’  and  phases,  as  determined  in  Table  2,  the  N/C 
composition  for  phases  1  and  2  ([N4N^]/[C’+C^]),for  phase  1  ([N']/[C']),  as  well  as  the  fractional  concentration  of  phase 
1,  ({N’]+[C’])/([N']+[N^]+[C']+[C^])  may  be  obtained  [3].  The  results  suggest  that  intermediate  partial  pressures  of 
ammonia  seem  to  favor  the  composition  of  phase  1  and  2  (samples  CN21  and  CN22).  At  the  same  time,  the  composition  of 
phase  1  seems  to  be  almost  in^pendent  on  ammonia  content  in  precursor  mixtures.  We  also  observe  that  most  of  the 
nitrogen  bonds  characterized  by  a  binding  energy  of  402.1  eV  are  missing.  The  process  through  which  the  relative 
concentration  of  N-containing  ps-phase  precursors  could  influence  nitrogen  incorporation  in  a  specific  bonding  state  are 
presently  not  clear  but  they  will  be  studied  by  further  investigations. 


Table  2. 

XPS  results  for  CNx  films  obtained  by  ER.  (  1337  J  incident  laser  energy)  The  mixture  total  pressure  was  80  torr. 


Run 

XPS  data 

Relative  %  atomic  concentration** 

Cls  Nls 

N/C  composition*** 

289.5 

(eV) 

287.5 

(eV) 

285.9 

(eV) 

284.6 

(eV) 

402.1 

(eV) 

399.8 

(eV) 

398.4 

(eV) 

[N‘+N^]/[C’+C^] 

nVc* 

N*+C* 

N‘+c4n*+C* 

CN20 

0.8 

6.3 

20.4 

68.6 

0 

0.8 

3.1 

0.14 

0.50 

0.30 

CN21 

0.3 

8.3 

10.0 

74.8 

0.1 

1.3 

5.2 

0.35 

0.50 

0.54 

CN22 

0.4 

7.3 

18.3 

66.4 

0 

2.9 

4.7 

0.30 

0.64 

0.36 

CN23 

0.7 

7.3 

14.9 

72.8 

0 

0.7 

3.6 

0.20 

0.49 

0.41 

CN25^ 

0.9 

S.2 

11.5 

80.7 

0 

1.4 

0.3 

0.10 

0.06 

0.30 

**)  Calculated  on  the  basis  of  total  C  and  N  atomic  concentration. 

***)  Ascribed  according  to  Ref  [2]  (see  also  text). 

As  observed  before,  in  the  case  of  our  pyrolytic  processes  an  enhanced  CN  film  deposition  by  using  Ti  layers  as 
substrates  was  not  evident.  The  effects  of  both  nitrogen  incorporation  and  the  formation  of  CN  structures  assigned  to  phases 
1  and  2  are  lower  than  those  obtained  in  case  of  a  bare  a-AljOs  substrate.  In  this  respect,  it  is  possible  that  in  a  thermal 
process,  the  temperature  should  activate  the  interaction  between  titanium  atoms  and  freshly  deposited  CN  groups,  with  the 
subsequent  formation  of  titanium  carbides/nitrides.  The  tailing  effect  observed  in  the  Cls  spectra  towards  283  eV  (see,  for 
instance  Figure  2c)  could  represent  a  contribution  from  TiC.  It  was  shown  that  the  high  reactivity  of  Ti  at  a  surfece  may 
lead  finally  to  titanium  oxides  with  various  oxidation  states  [10].  In  our  case  we  observed  indeed  that  the  Ti  2p3/2  peak  of  the 
sample  obtained  on  a  pre-deposited  Ti  substrate  (CN25)  was  located  towards  the  characteristic  binding  energy  of  Ti02 
(towards  458  eV). 


4.  CONCLUSIONS 

In  this  work  we  performed  a  study  on  the  chemical  composition  of  CNx  thin  films  prepared  by  the  CO2  laser  CVD 
method.  Using  a  perpendicular  geometry  of  irradiation,  two  substrates  (a-Al203  and  Ti  pre-deposited  layer)  and  different 
partial  concentrations  of  NH3  in  ternary  precursor  system:  ethylene/nitrous  oxide/ammonia  were  chosen,  in  order  to 
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investigate  the  degree  of  nitrogen  incorporation  in  the  deposited  CNx  films.  The  overall  stoichiometry  of  films  was  N- 
deficient  relatively  to  the  predicted  C3N4  form  but  the  N/C  ratio  in  films  increases  for  precursor  mixtures  with  intermediate 
partial  pressures  of  NH3,  which  seem  to  favour  also  the  composition  of  the  phase  in  which  C  is  tetrahedrally  bonded  to  N 
(sp^). 

The  high  C  content  in  films  obtained  with  low  ammonia  partial  pressure  could  be  explained  the  enhanced 
hydrocarbon  decomposition  in  presence  of  native  oxygen  (released  N2O)  dissociation. 

The  pre-deposited  Ti  substrates  has  demonstrated  a  negative  effect  of  CNx  film  nucleation  and  growth  probably  due 
to  subsequent  titanium  compound  formation  the  interaction  between  reactive  atoms  and  CN  groups  on  surface. 
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ABSTRACT 

The  influence  of  the  thermal  annealing  on  the  optical  properties  of  the  porous  silicon  (PS)  films  was 
revealed  by  photoluminescence  (PL)  and  spectroellipsometric  (SE)  measurements.  As  result  of  200®C 
annealing  small  changes  of  the  dielectric  functions  could  be  understood  by  desorption  process  of  some 
molecules  from  Si  skeleton  surface.  Strong  changes  of  PL  and  dielectric  function  spectra  after  the  thermal 
annealing  at  high  temperatures  (up  to  800°C)  were  explained  by  the  change  of  the  passivation  from 
hydrogen  to  oxygen  and  then  the  beginning  of  the  oxidation  process.  This  oxidation  process  produces  the 
disappearance  of  the  PL  slow  component,  an  important  enhancement  of  PL  (2-3  orders  of  magnitude) 
and  a  shift  of  maximum  position  to  higher  energies,  corresponding  to  the  thinning  of  the  nanocrystallites 
from  the  Si  skeleton. 

Keywords:  porous  silicon,  photoluminescence,  ellipsometry 

1.  INTRODUCTION 

It  is  well  known  the  considerable  interest  of  the  scientific  community  for  porous  silicon  (PS)  field 
because  of  potential  applications  in  silicon-based  optoelectronics.  In  spite  of  the  large  research  efforts 
spent,  many  problems  remain  open. 

According  to  the  quantum  confinement  mechanism,  the  peak  wavelength  of  photoluminescence  of 
PS  is  closely  related  with  the  size  of  Si  wires  and  dots'.  It  has  been  found  that  some  post  treatment  such 
as  oxidation  in  air,  in  water  or  by  others  electrochemical  processes  ^ can  reduce  the  size  of  the  Si 
skeleton,  and  thus  it  causes  a  blue  shift  of  the  luminescence  spectrum. 

The  aim  of  this  paper  is  the  investigation  of  changes  in  optical  properties  induced  by  the  thermal 
annealing.  Photoluminescence  (PL)  and  spectroellipsometric  (SE)  measurements  on  as  prepared  and 
thermal  annealed  samples  in  air  (200®C,  400®C,  dOO^C  and  800®C)  were  performed.  PL  spectra  were 
taken  at  room  (RT)  and  liquid  nitrogen  temperatures  (LNT).  The  effects  of  the  oxidation  on  the  optical 
properties  of  PS  sample  due  to  storage  duration  and  thermal  annealing  are  compared. 

2.  EXPERIMENTAL 

PS  samples  were  prepared  by  the  electrochemical  etching  of  5  --7  flcm  p-type  (100)  Si  wafers  in  HF 
based  electrolyte  under  constant  current  conditions  This  process  was  followed  by  another  one  for  PL 
activation.  It  is  already  well  known  that  the  etching  duration  determines  the  layer  thickness  and  also 
strongly  influences  the  microstructure  of  PS  layers.  Four  types  of  samples,  etched  for  different  durations 
were  studied:  Sio,  S3o,S9o,  Siso  anodized  for  10,  30, 90  and  150  min,  respectively.  All  sample  has  the  same 
average  porosity  of  about  72-76%,  gravimetrically  determined.  They  were  measured  after  a  storage  in  air 
for  more  than  3  weeks.  These  samples  will  be  named  in  the  following  “as  prepared”. 

The  optical  characterization  of  PS  films  was  made  in  the  energy  range  from  1.5  to  4.5  eV  by  SE 
measurements  using  SOPRA  ES4G  ellipsometer. 
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The  PL  spectra  under  pulsed  excitation  have  been  recorded  by  means  of  a  monochromator  and  a 
BURLE  C  31034  photomultiplier  interfaced  with  a  computer.  For  PL  measurements  under  pulsed 
excitation  a  BOXCAR  AVERAGER  was  also  used.  A  TEKTRONIX  TD  320  oscilloscope  interfaced 
with  a  computer  allows  to  study  the  luminescence  decay  of  PS  samples. 

3.  RESULTS  AND  DISCUSSION 

3.1  Ellipsometric  investigations 

Spectroellipsometric  technique  yields  a  complex  picture  of  the  optical  response  of  the  materials  and  a 
valuable  information  on  the  material  structural  characteristics.  From  SE  measurements  the  complex 
dielectric  function  efco)  =  er(o)  +isi((t))  or  the  complex  refractive  index  n  =  n  +  ik  results.  For  a  given 
wavelength,  if  the  film  thickness  is  less  than  the  respective  penetration  depth  of  light,  information  from 
film  as  well  as  the  substrate  is  obtained.  Consequently,  the  measured  dielectric  function  corresponds  to  the 
pseudodielectric  function  <  t(o)  >  (or  pseudoreffactive  index  <n>)  of  the  film  substrate  system.  For 
samples  thicker  than  the  penetration  depth,  SE  provides  directly  the  complex  dielectric  function  of  the 
film,  without  any  contribution  from  the  substrate. 

The  real  and  imaginary  parts  of  the  pseudodielectric  function  for  samples  S90  and  Si 50,  anodized  for 
90  and  150  min,  respectively,  are  illustrated  in  Fig.l.  The  overall  reduction  of  the  8r(co)  with  the 
increasing  of  the  etching  duration  is  explained  by  the  increase  of  the  layer  porosity.  Rossow  et.  al.®  have 
shown  that  the  increase  of  the  porosity  during  the  electrochemical  etching  process  is  more  pronounced  in 
the  top  part  of  the  film,  but  the  variation  in  the  porosity  is  small  enough  to  consider  the  PS  layers  as 
homogeneous  over  the  light  penetration  depth.  For  a  longer  etching  time  the  spectral  position  of  the 
broad  feature  in  Si((o)  is  shifted  to  higher  energies,  indicating  that  the  crystallites  diameters  of  Si  skeleton 
are  reduced  Similar  results  were  obtained  by  Thonissen  et  al.’  from  Raman  measurements. 

As  a  conclusion,  the  etching  time  changes  the  microstructure  of  the  PS  layers,  causing  an  increasing 
of  the  porosity  and  a  thinning  of  the  silicon  skeleton,  mainly  in  the  top  part  of  the  film,  because  the 
topmost  layers  remain  for  a  longer  time  in  contact  with  the  electrolyte. 


l.S  2.0  2.S  3.0  3.5  4.0  4.5 


Fig.l  Spectral  dependence  of 
pseudodielectric  function 
for  different  etching  times 

1  —  S90  sample 

2  —  Stso  sample 


The  aging  effects  in  air  of  PS  films  produce  the  growing  of  an  oxide  layer  (SiOx)  overall  the  internal 
surface  that  results  in  a  change  of  the  microscopic  structure  with  depth.  Fig.2  shows  typically  <n>  and 
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<k>  spectra  for  PS  samples  stored  in  air  for  different  time  periods:  7  weeks  (sample  1),  12  weeks 
(sample  2)  and  12  months  (sample  3),  respectively.  A  progressive  decrease  in  <  n  >  and  <k>  values  as  a 
result  of  the  increasing  duration  of  storage  (under  normal  conditions)  was  obtained.  The  relative  small 
decrease  in  <  n  >  values,  observed  despite  the  large  increase  in  the  oxygen  content  after  a  long  storage 
time  can  be  explained  by  the  pore  filling  due  to  the  oxidation-induced  expansion  and  by  other  species 
chemisorpted  from  the  humid  ambient  air  *. 


Fig.  2.  <n>  and  <k>  spectra  of 
S90  PS  film  after  storage  in  air 

1— 7  weeks 

2— 12  weeks 
3  —  12  months 


In  Fig. 3  it  is  illustrated  the  dispersion  of  the  pseudodielectric  constants  for  S30  PS  film  (as  prepared 
and  annealed  at  200‘’C,  600°C  and  SOO^’C).  Up  to  200®C  the  oxidation  or/and  desorption  from  surface 
modifies  the  <n>  curve  in  the  same  way  as  that  obtained  after  storage.  More  drastically  change  on  the 
pseudorefractive  function  was  observed,  when  the  thermal  annealing  is  performed  at  temperatures  higher 
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Energy  (eV) 


Fig.  3  <n>  and  <k>  spectra 
of  S30  PS  film 

1  -  as  prepared;  annealed  at 

2  -  200°C,  3-  600°C,  4-800°C 
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than  600®C  (curves  1,2  compared  vsath  3,4).  The  important  decrease  of  <n>  values  and  the  change  of  the 
shape  of  <n>  curve  suggests  that  a  higher  oxidation  process  followed  by  a  significant  change  in  surface 
morphology  takes  place. 

The  curves  of  the  energy  dependence  of  <k>  are  parallel  within  the  investigated  range  (1.8  -  3.0  eV). 
An  increase  of  <k>  values  with  the  raise  of  annealing  temperature  was  observed. 

The  differences  in  behaviour  of  the  pseudodielectric  function,  related  with  the  storage  duration  and 
the  annealing  temperature,  may  be  explained  as  follows;  during  storage,  the  whole  internal  surface  of  the 
PS  films  is  oxidized  and  a  thin  layer  of  SiOx  is  formed.  After  thermal  annealing  above  600*^C,  a  more 
pronounced  oxidation  process  takes  place  and  thus  it  can  cause  the  isolation  and  decoupling  of  the 
nanocrystallites  from  the  Si  matrix  by  interrupting  the  Si  wire. 

3.2  Photoluminescence  results 

PL  spectra  taken  at  LNT  and  RT  (X.excitation=337.1nm)  on  Siso  PS  film  (as  prepared  and  annealed  at 
400®C  and  SOO^C)  are  shown  in  Fig. 4.  The  curve  1  provides  typical  behaviour  of  PS  films  prepared  under 
experimental  conditions  described  above  ^  It  presents  one  maximum  situated  at  2.2  eV  and  two  shoulders 
situated  at  approximately  1.75  eV  and  1.5  eV,  respectively.  The  first  step  of  annealing  (30  min  at  400”C) 
produces  an  increasing  with  about  one  order  of  magnitude  (curve  2)  of  the  PL  signal  and  a  shift  of  the 
maximum  to  lower  energies.  As  it  can  be  seen  in  Fig.  4b,  a  new  shoulder  appears  at  about  2.75  eV.  The 
second  step  of  annealing  (at  800”C)  drastically  increases  the  PL  signal  (curves  1  and  4  compared  with  3 
and  6,  respectively)  and  maintains  the  positions  of  maxima  and  shoulders.  This  step  of  annealing  also 
changes  the  relative  intensities  of  maxima  and  shoulders,  enhancing  the  blue  emission  band  (2.75  eV). 


b)  Energy  (eV) 


Fig.  4.  PL  spectra  of  S ISO  PS  films  before  and  after  thermal  treatment 
as  prepared  (1,4);  thermal  annealing  at  400°C  (2,5);thermal  annealing  at  800PC  (3,6) 
1,2,3  -  performed  at  LNT,  4,5,6  -  performed  at  RT 
a)  unnormalized  and  b)  normalized  cwves 


The  PL  spectra  for  S30  PS  film  are  presented  in  Fig.  5.  An  enhancement  with  about  3  orders  of 
magnitude  of  PL  intensity  can  also  be  observed  after  annealing  at  800®C.  The  new  emission  band  in  the 
blue  spectrum  range  appeared  after  the  thermal  treatment  has  the  same  position  as  that  for  thick  sample 

(S,50). 
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Fig.5.  PL  spectra  of  S30  PS  films  taken  at  LNT:  1  -  as  prepared,  2  -  annealed  at  SOOPC 
a)  unnormalized  and  b)  normalized  curves 


It  is  interesting  to  observe  the  following  experiment,  performed  on  very  thin  layers.  Thus,  the  sample 
Sio,  stored  12  months  in  air  under  normal  conditions  has  PL  spectrum  (Fig. 6)  very  similar  to  these 
illustrated  in  Figures  4  and  5,  curves  2,  for  thicker  samples.  This  fact  shows  that  the  storage  in  air  for  a 
long  time,  as  well  as  the  thermal  annealing  at  temperatures,  higher  than  600®C  has  mainly  the  same  effect; 
the  formation  of  SiOx  layer  on  the  whole  internal  surface  of  PS  films.  The  difference  is  that  oxidation  by 


a)  Energy  (eV)  b)  Energy  (eV) 

Fig.  6  PL  spectra  of  Sjo  PS  film  taken  at  LNT:  1-  stored  12  months  in  air,  2-  annealed  at  800°C 

a)  unnormalized  and  h)  normalized  curves 


thermal  annealing  produces  a  more  intense  effect  resulting  in  isolation  of  nanocrystallites  fi'om  the  Si 
skeleton.  The  formation  of  nanodots  in  SiOx  matrix  reduces  the  electron-hole  pair  migration  and  thus  it 
diminished  the  nonradiative  recombination  probability.  This  leads  to  an  enhancement  of  the  PL  emission. 

The  influence  of  the  thermal  treatment  at  successive  temperatures  400®C  and  800°C  for  15  min  in  air 
on  the  decay  time  of  PL  for  Siso  film  is  illustrated  in  Fig.7.  It  can  be  observed  that  before  annealing,  the 
slow  component  weight  monothonically  increases  to  the  red  edge  of  the  emission  spectrum  up  to  the 
wavelenglii  at  which  the  maximum  on  PL  emission  was  achieved  (650  nm).  After  the  annealing  at 
400®C,  the  slow  component  weight  reaches  also  a  maximum  at  wavelength  corresponding  to  the  shifted 
red  maximum  (Fig.4y  The  next  step  of  annealing  at  800®C  for  15  min  practically  destroys  the  slow 
component.  The  PL  decay  is  characterized  on  the  whole  emission  spectrum  by  the  fast  component  only, 
with  the  decay  time  of  tens  of  ns. 
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Fig.  7  Decay  time  at  LNT for  Sm  sample  at  different  emission  wavelengths 
1-  450  nm;  2-  550  nm;  3-  650  nm;  4-  700  nm;  5-  760  nm;  6-  800  nm;  7-  860  nm 

In  our  opinion  the  slow  PL  component  (10'^-10‘^s)  is  due  to  the  surface  contribution.  In  the  above 
explanation,  the  SiOx  layer  growth  by  annealing  up  to  600'^C  changes  the  surface  configuration  and/or 
passivation.  The  second  step  (T>800*’C)  induces  the  disappearance  of  the  surface  contribution  and  thus 
the  radiative  recombination  process  inside  the  isolated  nanodots  takes  place. 

4.  CONCLUSIONS 

The  annealing  of  PS  samples  at  low  temperatures  induces  mainly  changes  in  the  passivation  of  PS 
layer,  while  the  high  temperatures  annealing  produce  a  SiOx  layer  on  the  internal  surface  of  PS  films, 
leading  to  the  isolation  of  nanocrystallites  in  Si  skeleton.  This  oxidation  process  causes  the  disappearance 
of  the  PL  slow  component,  an  important  enhancement  of  PL  and  a  shift  of  maximum  position  to  higher 
energies,  corresponding  to  the  thinning  of  the  Si  skeleton. 

The  storage  in  air  also  produces  an  oxide  layer  on  the  internal  PS  surface,  causing  the  decreasing  of 
the  optical  constants  and  a  less  PL  enhancement  compared  with  that  due  to  the  high  temperature 
annealing. 
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ABSTRACT 

Some  inexpensive  optical  devices  using  small  silica-gel  spheres  are  presented.  The  silica-gel  spheres 
of  good  quality  are  investigated  under  the  microscope.  These  sphere  presents  some  particularities  which 
make  them  very  useful  in  applications  like  interferometry,  hygrometry  and  optical  microscopy.  Such 
small  spheres  may  by  doped  with  microcrystals  or  dye  solution  in  order  to  study  a  large  range  of 
nonlinear  phenomena.  Experimental  studies  have  been  performed  on  the  silica  spheres  as  alternative 
media  for  laser  action  using  a  pulsed  CuBr  laser  as  excitation  source. 

Keywords:  silica  sphere,  interferometry,  hygrometry,  optical  microscopy,  random  active  laser 
media. 


1.  INTRODUCTION 

Recently,  there  has  been  a  great  deal  of  interest  in  investigation  the  optical  properties  of  dielectric 
spheres.  Latest  papers  have  reported  lasing  phenomena  and/or  stimulated  Raman  scattering  using  the 
very  high  quality  factor  (Q  value)  of  the  electromagnetic  whispering-gallery  mode  (WGM)  provided 
for  these  small  spheres*.  Investigations  on  the  liquid  droplets,  dye-doped  solid  polystyrene  spheres,  as 
well  as  on  the  Nd-doped  glass  small  spheres  were  also  performed^’^.  In  this  paper  we  report  several 
spherical  silica-gel  optical  devices. 

2.  PREPARATION  OF  THE  SILICA  SPHERES 

“Silica”  is  used  as  a  short  convenient  designation  for  silicon  dioxide  in  all  its  crystalline,  amorphous, 
and  hydrated  or  hydroxylated  forms.  The  term  “polymerization”  means  a  linking  together  of  monomer 
units  to  form  a  polymer  of  same  composition,  but  in  silica  system  the  monomer,  Si(OH)4,  condenses  to 
form  polymer  that  ultimately  has  the  composition  (Si02)n. 

Formation  and  growth  of  spherical  particles  is  one  kind  of  polymerization  that  takes  place  under 
certain  conditions.  In  most  densely  packed  gels,  each  sphere  is  touched  by  12  surrounding  spheres,  and 
the  volume  fraction  of  spheres,  S,  is  0.745.  In  a  more  open  regular  network,  each  sphere  is  connected  to 
three  others  and  S  is  only  0.05.  Formation  of  silica  spheres  occurs  by  coacervation.  The  term 
“coacervation”  means  the  formation  of  a  “liquid  precipitate”  by  the  coagulation  of  colloids.  If  one  of 
the  components  in  a  silica-organic  coacervate  is  undergoing  polymerization  just  as  the  liquid  coacervate 
droplets  come  out  of  the  aqueous  phase,  the  droplets  solidify  into  small  spheres.  Under  special 
conditions,  when  the  organic  material  is  burnt  out,  very  uniform  porous  spheres  are  obtained.'* 

Spherical  particles  can  be  made  from  silicon  esters.  The  polyethoxysiloxane  is  an  oil  which  forms  an 
emulsion  in  more  water-alcohol  and  solidifies  to  gel  beads  of  0.2-0.5  mm  in  diameter  with  a  pore 
diameter  of  2  nm. 

New  types  of  gels  like  silica  gel  is  formed  in  a  liquid  medium,  usually  aqueous.  The  terms  alcogel 
and  xerogel  are  gels  in  which  the  pores  are  filled  with  the  corresponding  liquid,  that  is  alcohol  or  water. 
A  xerogel  is  a  gel  from  which  the  liquid  medium  has  been  removed,  the  structure  being  compressed  and 
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the  porosity  reduced  to  a  certain  value  by  surface  tension  forces  when  the  liquid  is  removed.  An  aerogel 
is  a  special  type  of  xerogel  from  which  the  liquid  has  been  removed  in  such  a  way  as  to  prevent  any 
collapse  or  change  in  the  structure  when  the  liquid  is  removed. 

Owing  to  their  high  hygroscopicity,  the  silica-gel  small  spheres  are  packed  under  pharmaceutical 
control  to  avoid  water  absorption.  Then,  using  a  standard  optical  microscope,  these  spheres  were  fixed 
on  the  head  of  a  needle.  Some  silica-gel  small  spheres  were  impregnated  with  water  solutions  of 
rhodamine  6G,  fluorescein  or  microcrystals  as  CdS,  CuCl  and  CuBr. 

3.  INTERFEROMETER  WITH  SILICA-GEL  SMALL  SPHERE 
In  order  to  obtain  two  coherent  waves  it  is  necessary  to  divide  the  beam  of  incident  rays  in  two 
different  ways,  and  then  recombine  them  to  observe  the  interference.  In  the  interferometer  described, 
the  beams  are  separated  by  a  small  sphere  with  good  transmission  factor,  as  can  be  seen  from  figure  1. 


SCREEN 


Fig.  1 :  Experimental  setup  of  interferometer  using  a  small  sphere 


Such  kind  of  interferometer  have  been  reported  by\  In  that  case  laser  beam  intercepts  an  opaque 
sphere,  and  light  diffracted  by  the  surface  of  sphere  will  interfere  with  the  direct  laser  light  passing  near 
the  sphere.  In  our  case,  the  phenomenon  is  illustrated  in  figure  1.  The  circular  fringes  on  the  screen 
results  from  the  diffracted  light  from  the  neighborhood  of  the  spherical  surface  and  the  transmitted  light 
through  the  transparent  sphere,  with  a  diameter  of  1  mm. 

The  edge  of  the  sphere  and  the  edge  of  the  iris  act  as  the  annular  aperture.  Suppose  that  the  annular 
aperture  is  bounded  by  two  concentric  circles  of  radii  a  and  ea,  where  a  is  the  radius  of  the  sphere  and  s 
is  some  positive  number  less  then  unity.  The  light  distribution  in  the  Fraunhofer  pattern  is  given  by®: 
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C  being  a  constant  so  that  Io=l  Cl  7t  a  (1-e  )  is  the  intensity  at  the  center  w=0  of  the  pattern,  where  w 
represents  the  sine  of  the  angle  6  which  the  current  direction  (p,  q)  makes  with  the  central  direction 
p=q=0  ,  w=(p^+q^)'^  and  I U  P.  Ji(x)  is  the  Bessel  functions  defined  by 
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Consider  a  plane  wave  incident  on  a  spherical  surface  of  the  silica  medium  with  the  complex 
amplitude  at  z=-a  (see  Fig.2)  given  by 

=  0) 

where  k=27t/  X.  If  yi  is  the  height  above  the  axis  oz  at  which  a  ray  meets  the  first  surface  of  the 
sphere,  then  the  transmitted  wave  at  Zp  may  be  represented  by 

UXe,a,n)  =  (4) 

where  A(d,n)=Ai(l-R)(l-R  )  ,  R  and  R  are  reflection  coefficients  at  the  air-sphere  interfaces,  a  is 

the  absorption  coefficient  and  d  is  the  distance  between  the  points  (y,,  -Zj)  and  (y2,  Z2)  (see  Fig.2). 

The  optical  path  6  is  given  by 
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and  the  focal  length 
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In  (4),  (5)  and  (6)  5  and  f  may  be  regarded  as  a  function  of  a,  n  and  6,and  one  can  easily  derive 
expressions  for  the  phase  change  ())=k(2an+f-5),  and  for  the  intensity  le(0)~  1  I  ^  the  current 

direction. 

According  to  (1)  and  (4),  the  resultant  intensity  distributions  of  the  interference  pattern  is 

/=ic/+t/.r  (7) 

i.e.  the  intensity  variations  are  circles  with  the  bright  and  dark  fnnges.  The  radii  of  the  fiinges  may  by 
regarded  as  a  function  of  0,  n  and  a.  The  principle  of  this  interferometer  is  similar  to  the  Linnik 
interferometer.  In  addition  to  its  simplicity,  the  advantage  of  this  interferometer  is  its  low  sensitivity  to 
vibrations  so  that  the  interference  pattern  can  be  photographed  without  taking  special  precautions. 
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4.  DEVELOPMENT  OF  HUMIDITY  SENSORS  BASED  ON  POROUS  SILICA  SPHERE 

Conventional  humidity  sensors  are  typically  based  on  the  electrical  properties  of  the  sensing 
materials.  These  can  be  divided  in  two  categories,  the  resistive  and  capacitive  types.  The  electrical 
conductivity  or  impedance  of  the  sensing  material  is  enhanced  by  adsorption  of  surrounding  water 
vapor.  In  recent  years^  there  has  been  great  interest  in  the  development  of  humidity  sensors  based  on 
porous  optical  fibers  .  Optic  fiber  sensors  can  be  also  divided  in  two  categories,  the  dew  point 
hygrometer  and  humidity  sensors  based  on  porous  optical  fibers.  For  the  former,  the  dew  detecting  unit 
is  a  fiberglass  reflectometer.  For  the  latter,  the  porous  sensing  section  of  the  glass  fiber  is  immersed 
into  an  aqueous  solution  of  chromophoric  material.  The  absorption  or  fluorescence  changes  depend  on 
the  hydrated  and  dehydrated  states  of  material’. 

In  this  work,  we  report  a  new  moisture  sensor  based  on  the  difference  of  the  optical  transmittance 
between  the  hydrated  and  dehydrated  states  of  porous  silica  sphere. 

As  a  dew  point  hygrometer  model  can  be  utilized  the  interferometer  shown  in  figure  2.  In  the 
experimental  set-up  the  porous  sphere  was  seated  in  a  testing  chamber.  During  running,  the  air  to  be 
tested  flows  around  the  sphere  cooled  from  a  freon  container.  The  sphere  temperature  is  thus  always  the 
dew  point  temperature.  At  this  point  the  transmittance  of  the  sphere  will  change  quickly  when  the 
concentration  of  water  molecule  into  sphere  will  increase. 
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Fig.  3  Configuration  of  a  porous  silica  sphere  hygrometer.  1-  light  in;  2-light  out;  3-  optical 
fibers;  4-  porous  silica;  5-  test  chamber;  6-  water-vapor  entrance;  7-  vapor  exit 

Water  absorption  will  cause  the  change  of  the  refractive  index  of  the  silica-gel  small  sphere  and 
consequently  this  leads  to  modifications  of  fringe  pattern.  Using  a  microscope  with  a  micrometric 
ocular  one  can  examine  the  position  of  the  dark  fringes  and  plot  the  refractive  index  dependence  of  the 
water  absorption  rate. 

In  figure  3  is  shown  another  configuration  of  a  porous  silica  sphere  optical  sensor  The  porous  silica 
sphere  can  be  impregnated  with  cobalt  salts  which  react  with  gaseous  water  molecules  permeating  into 
the  porous  sphere  to  form  hydrated  complexes.  The  response  of  the  porous  sensors  is  affected  by  the 
pore  size,  concentrations  of  hydrated  material  and  moisture,  temperature  and  the  flow  rate  of 
introduced  air.  A  response  time  of  1-2  min.  was  observed.  This  configuration  of  a  porous  silica  sphere 
sensor  is  operating  in  high  temperature  environments. 
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5.  MICROSCOPE  MICRO-OBJECTIVE 

In  recent  work*  has  been  developed  a  micro-objective  manipulated  with  optical  tweezers.  This 
micro-objective  has  made  from  a  polystyrene  sphere  with  a  diameter  of  0.25  pm.  The  silica  small 
sphere  covered  with  a  monomolecular  layer  of  polyvinyl  alcohol  are  highly  transparent  in  the  visible 
spectrum  region. 

The  angular  magnification  Af  of  a  sphere  of  radius  a  and  refractive  index  n  is 


a 


(8) 


where  /  is  the  nearest  point  of  distinct  vision.  For  1=25  cm.,  a=l  mm.  and  n=1.5,  from  eq.  (8)  we 


obtain  M=1 67. 

The  resolution  of  any  optical  system  can  be  discussed  in  terms  of  its  numerical  aperture,  sina. 
Following  the  principle  used  by  Rayleigh  for  a  circular  aperture,  the  transverse  resolution  is  given  by 
^  ^  0,61 -A  0.61 -A/ 

‘  sina  a 


If  we  consider  the  focal  spot  produced  at  a  distance /from  the  sphere  with  a  radius  at  X.=0.65pm, 
5t«0.4  pm.  By  combining  a  silica  small  sphere,  a  standard  microscope  and  a  laser  diode  source  one 
obtains  a  modem  research  microscope  . 


6.  SILICA  POROUS  SPHERE  AS  ALTERNATIVE  SOURCE  OF  COHERENT  LIGHT 

Recently,  much  attention  has  been  paid  to  the  study  of  optical  properties  of  nanometer-sized 
particles  dispersed  in  glass  and  polymer  matrices  from  the  viewpoint  of  scientific  interest  and  their 
applications  to  nonlinear  optical  devices®’*®.  Most  commonly  considered  materials  are  made  of 
nonlinear  particles  embedded  in  a  linear  host.  The  nonlinearities  of  such  materials  may  be  strongly 
enhanced  relative  to  bulk  samples  of  the  same  materials. 

Despite  the  high  porosity,  silica  gel,  if  it  is  properly  made,  is  highly  transparent  in  the  visible 
spectrum  region.  At  X,=630  nm  the  specific  extinction  coefficient  is  of  the  order  of  0.1  m^/kg.  Toward 
the  blue  and  ultraviolet  strong  Rayleigh  scattering  is  observed  which  is  expected  for  a  material  with 
pore  structures  in  the  1  to  100  nm  size  range. 

In  this  paper,  we  present  the  silica  porous  spheres  as  alternative  media  for  laser  action.  We  have 
employed  the  rhodamine  6G,  rhodamine  B  and  fluorescein  dyes  in  water  solvent  with  the  concentration 
in  the  range  10'^  to  10'*  M.  In  these  dye  solutions  we  have  introduced  the  silica  porous  spheres  during 
24  hours.  An  hour  later  the  impregnated  spheres  has  fixed  on  the  tip  of  a  needle  and  has  pumped  with  a 
pulsed  CuBr  laser.  The  pumping  CuBr  laser  beam,  which  has  approximately  25  ns  full  width  at  half 
maximum,  A,=510.6  nm,  2  kW  peak-power  output  and  10  kHz  repetition  rate,  is  focused  on  the 
impregnated  sphere  by  a  spherical  quartz  lens  after  beam-shaping  through  a  circular  aperture. 

We  have  measured  the  fluorescence  intensity  at  the  peak  wavelength  (X,=620  nm)  from  these  spheres 
in  the  direction  perpendicular  to  the  excitation  beam  with  a  system  consisting  of  a  monochromator,  a 
phototube  and  a  storage  oscilloscope. 

Figure  4  represents  the  fluorescence  intensity  at  peak  wavelength  (for  rhodamine  6G)  as  a  function 
of  the  pump  intensity  on  a  logarithmic  scale.  We  see  that  there  is  a  threshold  at  the  position  at  which 
the  slope  of  the  curve  has  a  sharp  change  (the  arrow  indicates  the  position  of  the  threshold).  The  laser 
oscillation  takes  place  in  the  whispering  gallery  modes  of  sphere. 

The  silica  porous  spheres  doped  with  dye  make  up  a  random  active  laser  media.  The  behavior  of  an 
amplifying  random  medium  is  expected  to  be  totally  different  from  that  of  a  passive  one**’*^. 
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To  explain  the  microscopic  mechanism  of  the  laser  activity,  as  well  as  the  coherence  properties  of 
light  emission,  we  assume  that  the  main  characteristics  of  this  medium  are  a  result  of  the  following 
processes:  1)  the  multiple  scattering;  2)  the  packing  arrangement  in  regular  network  of  the  silica 
microspheres,  each  of  them  being  characterized  by  a  certain  coordination  number;  3)  the  local  electric 
field  can  be  increased  above  its  ambient  or  average  value  in  the  vicinity  of  the  dye  inclusions  which  are 
embedded  in  silica  medium;  4)  the  dye  active  medium  from  silica  pores  might  have  some  properties  of 
the  quantum  wells;  5)  strong  feedback  effects  arising  from  radiation  of  the  WGM  of  silica 
microspheres. 


Pump  intensity  (a.  u) 

Fig.4  Fluorescence  intensity  at  X=620  nm  vs.  pump  intensity 


7.  CONCLUSIONS 

We  have  shown  some  optical  applications  of  the  silica  porous  spheres.  These  spheres  present  some 
characteristics  which  make  them  very  useful  in  interferometry,  optical  hygrometry  and  microscopy. 

We  have  demonstrated  that  these  spheres  doped  with  dye  solution  have  good  WGM  lasing  qualities 
with  an  adequate  CuBr  laser  pump.  The  silica  spheres  doped  with  microcrystals  may  be  useful  for 
nonlinear  phenomena  experiments. 
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ABSTRACT 

Hydroxyapatite  (HA),  Caio(P04)6(OH)2,  is  the  primary  constituent  of  the  human  bone  and  one  of  the  best 
biocompatible  materials.  In  this  work  we  developed  a  simple  method  for  the  deposition  of  polycrystalline 
HA  thin  films  onto  various  collectors  including  substrates  of  medical  interest  (e  g.  Ti).  We  proceeded  by 
the  pulsed  laser  deposition  of  HA  targets  onto  parallel  collectors  placed  at  (2-5)  cm  in  vacuum.  After 
deposition  the  films  were  heated  in  air  at  500  °C  for  30  minutes.  The  heated  film  has  a  structure  which 
appears  in  electron  diffraction  as  identical  to  the  structure  of  the  base  material.  The  obtained  films  are 
uniform  and  very  adherent  to  the  substrate.  The  P/Ca  atomic  ratio,  determined  by  energy  dispersive  X- 
ray  analysis,  was  found  to  be  close  to  that  characteristic  to  HA,  for  the  post-depositing  heated  films. 

Keywords:  pulsed  laser  deposition,  biocompatible  materials,  hydroxyapatite  thin  films 

1.  INTRODUCTION 

The  pulsed  laser  deposition  (PLD)  method  is  a  fast-developing  technique  for  the  growth  of 
performant  thin  films. PLD  is  based  upon  the  physical  processes  taking  place  during  and  immediately 
after  the  multipulse  irradiation  of  an  appropriate  target  with  a  high-intensity  laser  beam.  The  ablated 
substance  flux  is  frequently  modified  by  the  presence  of  an  ambient  gas  and  plasma.  Large  progress  was 
obtained  in  the  last  few  years  in  the  development  of  PLD  by  a  carefiil  parametric  study  of  the  key  process 
parameters  such  as  the  substrate  temperature,  the  plasma  flux  density,  the  ionisation  degree  and/or  the 
geometrical  arrangement  in  the  deposition  chamber.^"*  PLD  ensures  the  stoichiometric  transfer  of  any 
chemical  compound  from  target  to  collector. 

Hydroxyapatite  (HA),  Caio(P04)6(OH)2,  is  the  primary  constituent  of  the  human  bone  and  one  of 
the  best  biocompatible  materials.  It  was  demonstrated  that  HA  encourages  the  ingrowth  of  natural  bone 
inside  the  prosthetic  devices.^  We  note  however  that  HA  is  brittle  and  cannot  be  used  as  bulk-ceramic  for 
the  prostheses  manufacturing.  As  a  coating  on  a  metallic  implant  (e  g.  Ti  or  Ti  alloys),  HA  takes  over  the 
mechanical  integrity  of  the  metallic  device  and  ensures  in  the  same  time  a  high  biocompatibility  due  to  the 
natural  mineral  bone  composition.  The  coating  prevents  the  ingress  into  living  tissue  of  extraneous 
substances  which  may  induce  inflammation  and  other  immune  reactions. 
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Many  techniques  for  HA  deposition  on  substrates  of  biomedical  interest  have  been  already 
reported  in  literature.  We  mention  here:  ion  sputtering’,  plasma  spraying*,  electrophoretic  deposition®, 
diffusion  bonding*®  and  high  velocity  oxyfuel  deposition**.  There  are  still  many  difficulties  related  to  the 
impurities  present  in  the  depositions  obtained  by  these  techniques  and  especially  to  their  adherence  to  the 
substrates.  PLD  presents  the  folloAving  potential  advantages  in  comparison  with  the  afore-mentioned 
techniques;  the  photodeposited  films  are  expected  to  exhibit  good  stoichiometry,  very  low  content  of 
impurities  and  to  be  strongly  adherent  to  the  substrate. 

We  report  herewith  the  extension  of  PLD  to  the  deposition  of  HA  thin  films  on  various 
substrates.  After  the  deposition,  the  films  were  submitted  to  a  heat-treatment  in  air  in  order  to  promote 
recrystallization. 


2.  EXPERIMENTAL 

Our  experimental  setup  is  schematically  depicted  in  Fig.  1 . 


Fig.  1  Experimental  setup 

(T  =  target,  C  =  collector,  P  =  plasma  plume,  W  =  quartz  window,  L  =  focusing  lens,  M  =  mirrors) 

We  used  a  KrF  excimer  laser  source  (X  =  248  nm,  Xfwhm  ^  20  ns).  The  laser  beam  was  incident 
onto  the  surface  of  a  HA  target  at  an  incidence  angle  of  s  45°.  The  laser  radiation  was  focused  with  the 
aid  of  an  external  MgF2  cylindrical  lens.  The  targets  were  prepared  by  hot-pressing  of  high-purity 
polycrystalline  HA  powder  in  form  of  pellets  of  (15-25)  mm  diameter  and  (2-3)  mm  thickness.  Series  of 
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10“*  subsequent  laser  pulses  were  applied  for  the  deposition  of  a  single  film.  A  plasma  spark  was 
generated  and  evolved  in  fi'ont  of  the  target  surface  under  the  action  of  every  laser  pulse.  In  order  to 
avoid  piercing,  the  target  was  rotated  during  the  multipulse  laser  treatment. 

The  plasma  was  oriented  normally  to  the  target  surface.  The  plasma  intersected  a  collector  of 
KCl,  KBr  or  Ti  placed  parallel  to  the  target  at  a  separation  distance  of  (2-5)  cm.  Prior  to  the  deposition, 
the  Ti  collectors  were  carefully  cleaned  with  solvents  in  an  ultrasonic  bath.  The  KCl  and  KBr  plates  were 
freshly  cleaved  just  before  the  introduction  into  the  irradiation  chamber.  We  set  the  level  of  the  incident 
laser  fluency  within  the  range  (1-2)  J/cm^. 

The  collectors  could  be  heated  at  controlled  temperatures  up  to  600°  C.  The  stainless  steel 
irradiation  chamber  was  evacuated  at  10’^  Pa.  After  deposition  the  samples  were  firstly  allowed  to  cool 
to  the  ambient  temperature  in  vacuum.  Then,  the  irradiation  chamber  was  slowly  filled  with  air  up  to  the 
atmospheric  pressure.  Some  of  the  as  deposited  collectors  were  heated  in  air  at  500  °C  for  30  minutes. 

The  deposited  films  were  studied  by  electron  microscopy  with  the  aid  of  a  JEOL  TEM-SCAN 
200  CX  apparatus.  The  films  were  investigated  by  scanning  electron  microscopy  (SEM),  transmission 
electron  microscopy  (TEM)  and  selected  area  electron  diffraction  (SAED).  The  IR  spectrophotometry 
investigation  of  the  thin  films,  within  the  (4000-500)  cm'*  spectral  range,  was  performed  with  an  IR 
SPECORD  Karl  Zeiss  Jena  instrument.  For  a  compositional  characterisation,  energy  dispersive  X-ray 
spectroscopy  (EDS)  analysis  was  performed  with  a  Topcon  2000  electron  microscope  operating  at  200 
kV  and  using  an  8.8  nm  electron  probe. 


3.  RESULTS 


3.1.  Electron  microscopy  studies 

Figure  2  shows  a  TEM  micrograph  (a)  and  a  typical  diffraction  pattern  (b)  obtained  in  the  case  of 
HA  base  powder. 


Fig.  2  The  characteristic  features  of  the  HA  powder  precursor 
(a)  TEM  micrograph  (b)  SAED  pattern 
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We  notice  a  hexagonal  polycrystalline  structure  with  cell  parameters  a  =  9.4  A  and 
c  =  6.9  A.  The  powder  consists  of  small  crystalline  grains  of  about  60  nm  long  and  20  nm  wide. 

In  view  of  further  simpler  TEM  preparation,  some  of  the  films  were  deposited  onto  freshly 
cleaved  single  crystalline  KCl  slides.  The  deposited  films  were  then  simply  floated  on  the  microscope 
grids  by  submersion  in  distilled  water. 

The  TEM  micrograph  and  the  corresponding  SAED  pattern  of  a  film  deposited  in  vacuum 
(10*^  Pa)  at  room  temperature  on  KCl  substrate  are  presented  in  Fig.  3.  The  film  is  amorphous  and  its 
surface  is  covered  by  small  particles  which  are  the  most  probably  ejected  in  liquid  phase  from  the  laser 
action  zone  on  the  target  surface  under  the  recoil  pressure  of  the  vapours  and  plasma.  The  particles 
density  usually  reaches  5x10®  cm'^. 


Fig.  3  The  characteristic  features  of  the  film  deposited  in  vacuum  at  room  temperature 
(a)  TEM  micrograph  (b)  SAED  pattern 


Fig.  4  The  film  deposited  in  vacuum  and  submitted  to  a  heat-treatment  in  air  at  500  °C  for  30  minutes 

(a)  TEM  micrograph  (b)  SAED  pattern 
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The  complete  recrystallization  of  the  films  is  obtained  as  an  effect  of  a  heat-treatment  in  air 
at  500  °C  for  30  minutes.  The  films  become  polycrystalline  with  grains  mean  size  of  20  nm  (Fig.  4  a).  As 
visible  in  Fig.  4  b,  the  corresponding  diffraction  pattern  is  identical  to  the  diffraction  pattern  of  the  HA 
base  material  (Fig.  2  ). 

3.2.  IR  spectrophotometry  investigations 

A  typical  IR  transmission  spectrum  in  the  (400-1400)  cm"’  range  of  the  HA  thin  film  deposited  at 
room  temperature  in  vacuum  (10'^  Pa)  on  a  KBr  substrate  is  shown  in  Fig.  5,  curve  b.  For  comparison. 


Fig.  5  IR  transmission  spectra  for  the  HA  film  deposited  in  vacuum  at  room  temperature  (a), 
the  base  powder  precursor  (b)  and  the  film  deposited  in  vacuum  and  heat-treated  in  air  (c),  respectively 
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the  IR  spectrum  of  the  HA  base  powder  precursor,  pressed  in  a  KBr  pellet  is  also  presented  in  Fig.  5 
(curve  a).  The  curve  c  in  the  same  figure  is  the  spectrum  of  the  HA  film  submitted  to  a  heat-treatment  in 
air  after  deposition.  The  main  absorption  band  of  HA  is  visible  in  the  (1200-900)  cm'^  spectral  range’^.  It 
is  ascribed  to  the  P-0  bonds  of  the  ortophosphoric  (P04)^'  groups*'*.  The  characteristic  absorption  peaks 
due  to  the  P-0  bonds  should  appear  at  1080,  1010,  600  and  560  cm’*.  We  note  however  important 
differences  between  the  three  spectra  presented  in  Fig.  5  concerning  the  location  and  the  band-width  of 
the  main  absorption  maxima.  The  as-deposited  film  shows  a  broad  peak  between  1025  and  1000  cm'* 
(curve  b).  For  the  same  sample  the  maxima  at  1080  and  600  cm’*  are  missing.  The  peaks  resolutions  and 
intensities  notably  increase  for  the  thermally  treated  film  (curve  c).  Specifically,  the  main  peak  is  shifted 
towards  higher  wavenumbers  (at  »  1035  cm’*)  as  compared  to  the  as-deposited  films  and  to  the  HA 
target  powder.  For  the  thermally  treated  sample  the  half  width  value  of  the  above  mentioned  peak  is 
about  one  third  of  that  of  the  same  peak  in  the  IR  spectrum  of  the  untreated  film  (compare  curve  b  and 
c).  This  line  narrowing  may  be  directly  related  to  a  strong  increase  of  the  crystallinity  of  the  sample.  This 
assumption  is  sustained  by  the  sharp  peaks  at  1080  and  600  cm’*,  which  are  also  present  in  the  HA 
powder  precursor.  However,  the  shift  of  the  main  band  of  the  thermally  treated  sample  should  be 
explained  by  the  manner  in  which  the  vibrational  frequencies  of  the  functional  groups  are  affected  by  the 
presence  of  other  substitute  groups  or  compounds*^  Indeed,  the  position  of  a  band  is  dependent  on  the 
electronegativity  of  the  attached  group,  which  tends  to  move  the  frequency  towards  more  stable 
stoichiometric  forms.  We  may  suppose  that,  during  heating  in  air,  a  substantial  oxygen  absorption  occurs, 
which  causes  an  increase  of  the  O2  bonds  in  the  sample  lattice.  The  increased  electronegativity  of  these 
groups,  simultaneously  with  the  crystalline  grain  growth,  may  supplementary  shift  the  absorption 
maximum  to  higher  energies. 

3.3.  Energy  dispersive  X-ray  spectroscopy  studies 

EDS  measurements  of  the  HA  base  powder  have  revealed  values  of  the  P/Ca  atomic  ratio  in  the 
(0.56-0.63)  range.  We  observe  that  the  variation  of  the  recorded  ratio  around  the  stoichiometric  value  of 
0.6  keeps  within  the  typical  apparatus  accuracy  of  ±  2.5%.  An  important  confirmation  of  the  results 
presented  in  the  previous  sections  is  that  the  EDS  investigation  of  the  HA  thin  films  deposited  in  vacuum 
and  submitted  to  a  heat-treatment  in  air  showed  a  P/Ca  atomic  ratio  almost  within  the  same  range  (i.e. 
0.55-0.65). 

We  may  therefore  conclude  that  the  crystalline  films  have  the  same  structure  and  stoichiometry  as 
the  HA  base  powder. 


4.  DISCUSSION 

We  developed  a  rather  simple  method  to  obtain  HA  polycrystalline  depositions  on  various 
substrates.  The  coatings  were  very  adherent  to  substrates  and  they  successfully  passed  both  the  “finger” 
and  the  “scotch”  tests.  The  method  makes  no  use  of  corrosive  (e.g.  water  vapours,  oxygen)  or  other 
gases.  We  note  that,  according  to  previous  reports  in  literature*’*^,  the  deposition  of  crystalline  HA 
coatings  was  possible  only  assisted  by  water,  oxygen  and  argon  fluxes  in  parallel  with  the  collector 
heating  up  to  (400-600)  “C.  The  simple  heating  of  the  collector  in  vacuum  proved  to  be  insufficient  to 
promote  the  total  recrystallization  of  the  film.  The  recrystallization  was  obtained  by  heating  in 
atmospheric  air. 
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The  films  are  covered  by  a  large  number  of  particles.  We  consider  that  the  presence  of  particles  is 
beneficial  with  respect  to  the  practical  application  of  the  films.  Indeed,  the  particles  have  the  same 
polycrystalline  structures  as  the  base  powder  material.  Secondly,  the  presence  of  these  small 
protuberances  on  the  surface  of  the  films  are  similar  to  the  imperfections  of  the  human  bone  contributing 
to  a  better  biacceptance  of  the  deposited  pivots  or  prostheses  inside  the  human  body. 
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ABSTRACT 

The  role  of  the  sub- surface  explosive  boiling  mechanism  for  droplet  formation  during  the  pulsed  laser  deposition 
(PLD)  of  thin  films  has  been  examined.  For  photons  with  an  energy  lower  than  the  target  optical  band-gap,  hv<Eg,  a 
highly  perturbed  target  surface  morphology  exhibiting  micrometer  sized  round-shaped  cavities  always  formed,  whereas  for 
hv>Eg  the  surface  was  much  less  perturbed.  Depth-profile  estimations  of  the  temperature  profiles  inside  the  laser  irradiated 

targets  were  also  quite  different  for  these  two  cases.  For  low  optical  absorption  coefficient  (OAC)  values,  a<5xl0^  cm‘^,  a 
thick  layer  of  liquid  formed  whose  maximum  temperature  was  located  at  some  point  below  the  surface.  Simultaneous  to  the 
♦  cavity  formation,  the  droplet  density  on  the  surface  of  the  grown  films  was  found  to  increase  by  orders  of  magnitude, 
indicating  a  clear  connection  between  the  target  OAC,  the  temperature  profile,  the  presence  of  the  cavities  and  a  high  droplet 
density.  The  decrease  of  the  OAC  value  during  prolonged  laser  ablation  could  also  explain  the  gradual  increase  of  the  droplet 
density  observed  when  growing  Lao.5Sro.5Co03  films.  Based  on  these  results,  we  suggest  that  an  important  fraction  of  the 
droplets  on  the  surface  of  films  grown  under  laser  irradiation  conditions  where  the  OAC  is  smaller  than  5x10^  cm’^  is  caused 
by  an  explosive  sub-surface  boiling  mechanism. 

KEY  WORDS:  pulsed  laser  deposition,  thin  films,  zinc  oxide,  cerium  oxide,  Lao.5Sro.5Co03’  droplet  formation, 
temperature  simulations,  sub-surface  boiling. 


1,  INTRODUCTION 

Some  of  the  highest  quality  thin  films  yet  reported  such  as  high  temperature  superconductors,  giant  magneto-resistance 
films,  and  hard  and  optical  coatings  have  been  grown  using  the  pulsed  laser  deposition  (PLD)  technique.  The  most 
important  drawback  of  the  method  seems  to  be  the  presence  of  micrometer  sized  droplet  on  the  surface  of  the  grown  films. 
The  surface  density  of  these  can  be  reduced  by  employing  special  deposition  geometries^,  velocity  filters^,  shorter 
wavelength  lasers^,  or  high  density  targets^.  However,  their  complete  elimination,  which  will  extend  the  application  area  of 
PLD  grown  films  in  microelectronics,  would  be  possible  only  after  more  fully  understanding  their  formation  mechanisms 
which  are  still  a  subject  of  debate.  There  have  been  several  mechanisms  of  droplet  formation  suggested  so  far^”^  ^ .  Taking 
into  account  the  experimental  results  obtained  when  depositing  ZnO,  Ce02  and  Pb(Tio.5Zro.5)03  (PZT)  thin  films  by  PLD, 

we  tentatively  suggested  in  our  previous  studies following  the  initial  idea  of  Gagliano  and  Paek^  that  the  majority  of 
these  droplets  observed  on  the  surface  of  films  grown  using  longer  wavelength  lasers  (hv<Eg,  Eg  being  the  target  material 
optical  band-gap)  were  caused  by  explosive  boiling  due  to  a  sub-surface  super-heating  (SSSH)  effect.  Further  on  we  have 
shown  that  under  identical  laser  irradiation  conditions,  the  droplet  density  is  dramatically  reduced  when  increasing  the  value  of 
the  target  optical  absorption  coefficient  (a  or  OAC)  at  the  laser  wavelength^^.  Complementary  to  this  finding  are  new 
results  presented  here  which  show  that  the  decrease  of  the  a  during  the  laser  ablation  process  caused  by  preferential 
evaporation  of  one  component  is  responsible  for  increased  droplet  emission  when  depositing  films  for  long  time.  Scanning 
electron  microscopy  (SEM)  investigations  of  various  target  surface  morphologies  induced  by  the  laser  ablation  process  and 
numerical  estimations  of  the  temperature  profile  for  irradiation  conditions  used  which  support  the  occurrence  of  a  SSSH 
effect  causing  this  volume  boiling  mechanism  are  also  presented  here. 


2.  EXPERIMENT 

Targets  of  ZnO,  Ce02,  PZT,  apatite,  and  Lao.5Sro.5Co03  (LSCO)  were  prepared  by  cold  pressing  high  purity 
powders  into  1  cm  diameter  pellets  which  were  afterwards  sintered  in  air  at  1 100  ®C  for  several  hours.  The  targets  were  then 
irradiated  in  air  or  different  oxygen  pressures  from  10"^  to  10'^  mbar  with  two  Nd:YAG  lasers  emitting  Gaussian  beams  and 
having  full  width  at  half  maxima  (FWHM)  time  durations  of  15  (8)  ns,  11  (6)  ns  and  7.5  (4)ns  at  1064  nm,  532  nm  and  266 
nm,  respectively.  The  peak  fluence  was  varied  from  1  to  8  J/cm^,  values  usually  employed  to  grow  thin  films^^"^^.  Some 
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irradiations  were  also  performed  with  an  excimer  laser  (KrF,  X^248  nm,  20  ns  pulse  duration)  at  similar  fluences.  The 
quantity  of  material  ablated  was  measured  with  a  quartz  crystal  microbalance  (QCMB)  situated  at  around  4  cm  in  front  of  the 
irradiated  target. 

The  structural,  electrical  and  optical  properties  of  the  films  grown  by  PLD  under  optimum  conditions  have  been 
presented  in  detail  elsewhere optical  transmission  data  recorded  with  a  double  beam  spectrophotometer  in 
the  1100-190  nm  range,  which  arc  relevant  for  the  temperature  simulations,  are  shown  here.  Investigations  of  the  surface 
morphology  of  the  targets  before  and  after  laser  irradiation  were  performed  using  SEM.  Energy  and  wavelength  dispersive  X- 
ray  analysis  (EDX  and  WDS)  were  also  performed  to  assess  the  chemical  composition  changes  of  the  irradiated  areas  with 
respect  to  the  as-prepeared  values.  The  crystalline  structure  of  the  grown  films  and  droplet  characteristics  were  also 
investigated  by  depositing  some  films  on  Si3N4  membranes  and  analysing  in  a  transmission  electron  microscope  (TEM), 


3.  RESULTS  AND  DISCUSSION 


Optical  transmission  spectra  of  ZnO  and  Ce02  films  deposited  using  the  KrF  laser  under  optimised  conditions  are 

shown  in  Fig.  1,  whereas  some  of  their  optical  parameters  estimated  from  the  recorded  transmission  spectra^ ^  are  presented 
in  Table  1 .  One  can  notice  that  these  films  are  highly  transparent  from  the  near  infrared  region  down  to  400  nm.  Regardless 
of  the  PLD  conditions  employed,  the  use  of  the  532  nm  or  1064  nm  laser  radiation  failed  to  produce  similar  high  quality 
results.  Not  only  didthe  X-ray  diffraction  (XRD)  patterns  exhibit  wider  peaks  than  those  recorded  from  films  grown  with  the 
KrF  or  fourth-harmonic  Nd:YAG  lasers  (248  nm  and  266  nm,  respectively),  but  the  surface  morphology  also  showed  a  10^- 
10^  fold  increase  in  droplet  density^ TEM  investigations  of  the  grown  films  strongly  indicated  that  the  deposited 
particles  most  likely  had  originated  from  the  target.  In  Figs.  2  a  and  b,  TEM  micrographs  of  a  region  of  a  ZnO  film 
containing  such  a  particle  and  also  a  droplet  free  region,  together  with  their  corresponding  electron  diffraction  patterns  arc 
shown.  Whereas  the  film  grown  on  the  substrate  is  highly  textured  exhibiting  only  the  (002)  and  (004)  diffraction  rings,  the 
droplet  exhibits  all  the  characteristic  ZnO  rings,  similar  to  the  target  material. 

An  SEM  micrograph  of  the  surface  of  a  typical  as -prepared  ZnO  target  is  shown  in  Fig.  3,  and  in  Fig.  4  a  micrograph 
of  the  ZnO  target  surface  after  irradiation  by  100  laser  pulses  of 


Wavelength  [nm]  Wavelength  [nm] 


Figure  1.  Typical  optical  transmission  spectra  of  ZnO  and  Ce02  thin  films  deposited  by  PLD 
Table  1 .  Optical  parameters  of  the  PLD  grown  ZnO  and  Ce02  grown  layers 


X  n  k  a  thickness  R 

[nm]  refraction  index  extinction  coefficient  [cm-1]  [nm]  [%] 


ZnO 

572 

2.0 

4.3  10-3 

9.5  102 

290 

11.0 

1083 

1.9 

5.6  10-3 

6.5  102 

290 

9.3 

Ce02 

524 

2.5 

5.6  10-3 

1.3  103 

430 

18 

995 

2.3 

5.6  10-3 

7.0  102 

430 

16 
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(a)  (b) 

Figure  2.  TEM  micrographs  (x250  000  magnification)  and  SAED  patterns  of  an  area  of  a  thin  ZnO  film  deposited  by  PLD 
without  droplet  (a)  and  of  an  area  containing  droplet  and  other  debris  material  (b). 

the  1064  nm  Nd:YAG  laser  at  a  fluence  of  4  J/cm^  (above  the  ablation  threshold  of  only  0.5  J/cm^)  is  displayed.  The  laser 
irradiated  target  exhibits  clear  evidence  of  surface  melting.  It  is  worth  noting  the  presence  of  micrometer-sized  cavities  on  the 
surface  of  the  target.  Their  circular  shape  suggests  that  they  were  most  likely  caused  by  the  release  of  gas  from  beneath  the 
surface  when  the  region  was  molten. 

SEM  investigations  also  showed  that  when  using  laser  wavelengths  where  the  photon  energy  was  lower  than  the  target 
optical  band-gap,  i.e.  hv<Eg,  these  cavities  were  always  formed  on  the  target  surface.  As  one  can  clearly  see  in  Fig.  5, 

where  a  surface  micrograph  of  a  ZnO  target  irradiated  by  the  KrF  laser  (248  nm,  2.1  J/cm^)  is  shown,  the  surface 
morphology  was  quite  different.  Morphological  features  associated  with  surface  melting,  like  the  rounded  shape  of  the 
crystallites,  are  present,  but  the  surface  is  generally  quite  flat,  without  any  cavities. 

There  might  be  several  mechanisms  which  can  account  for  the  cavity  formation.  For  example,  the  presence  of  an 
initial  cavity-type  defect  on  the  target  surface  will  increase  the  local  absorption.  A,  of  the  incoming  laser  radiation  up  to  the 
value  of  A=1  (or,  alternatively,  reflectivity  R=0),  when  it  is  completely  trapped  due  to  multiple  reflection  and  absorption 
processes.  This  will  lead  to  a  higher  quantity  of  energy  being  absorbed  in  ibis  location,  thus  resulting  in  the  ablation  of  a 
larger  amount  of  material.  In  turn,  this  higher  removal  rate  will  further  deepen  the  initial  cavity  through  a  positive  feed-back 
reaction.  However,  according  to  our  temperature  estimations  (shown  later),  once  the  material  melts,  it  will  remain  molten 
for  tens  of  nanoseconds  allowing  enough  time  for  the  liquid  material  to  flow  into  and  partly  fill  the  holes,  so  that  the  surface 
can  regain  its  more  or  less  flat  morphology.  Moreover,  it  has  been  observed  that  such  cavities  can  form  after  the  action  of 
only  one  or  two  pulses,  when  this  or  indeed  other  feedback  operations^’  could  have  not  occurred.  It  is  also  very  unlikely 
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Figure  6.  SEM  micrographs  of  Ce02  (a)  and  PZT  (b)  targets  irradiated  by  100  laser  pulses  at  1064  nm  and  2  J/cm^. 


that  these  cavities  were  caused  by  the  initial  presence  of  defects  or  contaminants  on  the  target  surface,  as  they  were  not 
formed  when  using  highly  absorbed  radiation  such  as  the  248  or  266  nm  wavelengths. 

Another  mechanism  which  can  explain  the  formation  of  these  circular  cavities  is  the  release  of  trapped  or  disolved 
gases  inside  the  target.  Similar  cavities  have  been  observed  when  lime  glass,  a  material  known  to  contain  dissolved  gases  at 
a  level  of  several  percentages,  was  irradiated  by  a  CO2  laser  (10.6  ^im)^^.  However,  Fig.  4  sows  that  such  holes  are  still 
present  on  the  surface  of  a  ZnO  target  even  after  100  laser  pulses  on  the  same  location.  This  makes  it  rather  difficult  to 
believe  that  in  our  case  dissolved  gases  are  still  released  after  such  a  long  irradiation  time. 

An  alternative  explanation  for  the  cavity  formation  in  ZnO  could  be  the  thermal  decomposition  of  the  target  material 
in  the  liquid  phase^^.  The  fact  that  the  cavities  were  not  observed  when  using  a  shorter  laser  wavelength  (  hv>Eg )  and 
similar  incident  fluences  (see  Fig.  5)  rules  out  this  proposition.  Furthermore,  EDX  analysis  performed  on  the  rim  and 
bottom  of  such  cavities  did  not  reveal  any  significant  change  in  chemical  composition. 

Very  similar  surface  morphology  features  can  be  seen  in  Figs.  5  a  and  b,  where  micrographs  of  Ce02  and  PZT  laser 
irradiated  targets  under  essentially  identical  conditions  to  those  employed  for  the  ZnO  target  ablation  are  shown.  Neither 
Ce02  nor  PZT  are  known  to  easily  dissociate  when  in  the  liquid  phase.  These  materials  have  similar  wavelength-dependent 
OACs,  to  ZnO.  As  in  the  ZnO  case,  the  cavities  were  no  longer  present  when  the  irradiation  laser  wavelength  was  changed 
to  the  high  absorption  spectral  region,  i.e.  266  nm  or  248  nm. 

A  very  important  finding  revealed  by  these  SEM  investigations  was  that  the  droplet  density  on  the  surface  of  the 
grown  films  was  directly  associated  with  the  presence  of  these  surface  topographical  modifications.  Whenever  the  cavities 
were  formed  on  the  target  during  the  laser  ablation  process,  a  significant  increase  by  2  to  4  orders  of  magnitude  of  the  droplet 
density  on  the  surface  of  the  grown  films  was  also  noticed. 

Valuable  information  about  the  cavity  formation  mechanism  was  obtained  by  estimating  the  temperature  depth-profile 
inside  the  laser  irradiated  target.  For  this  aim,  the  usual  one-dimensional  heat  diffusion  equation^^,  which  is  appropriate  for 
the  nanosecond  pulsed  laser  processing,  was  numerically  solved  by  a  finite  difference  technique^ 

p{T)C{T)^  =  j-\^K(x,T)^j  +  {l-R{T))l{t)atxi?{-cxx)  (i) 
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Here  T,  C,  p,  k,  R,  I,  and  a  are,  respectively,  temperature,  specific  heat,  mass  density,  thermal  conductivity,  reflection 
coefficient,  laser  intensity  and  absorption  coefficient.  The  boundary  conditions  for  the  surface,  initial  time  and  deep  inside  of 
the  sample  (the  semi-infinite  sample)  were,  respectively^ 

f  dx\ 


AHym 

r  1 

iV 

1 - 

[n 

x{27tmki^T) 


(2) 


r(jc,r  =  0)  =  300^  (3) 

T(x  —>  ooj)  =  300 K  (4) 

P  is  the  vaporisation  coefficient  (with  a  value  from  0.8  to  0.9  ^  Pb  is  the  boiling  pressure  (0.1  MPa),  Tb  is  the 
corresponding  boiling  temperature,  kb  is  the  Boltzmann  constant,  m  is  the  mass  of  a  ZnO  molecule  and  AHy  is  the  heat  of 
vaporisation^^’ 

Typical  temperature  depth-profiles  precisely  when  1  nm  of  ZnO  was  removed  from  the  target  surface  after  ablation  by 
532  nm  and  248  nm  laser  radiation,  respectively,  at  a  fluence  of  2.1  J  /cm^  are  shown  in  Fig.  7.  For  the  irradiation  with  the 
weakly  absorbed  light  one  can  notice  a  very  mild  thermal  gradient  in  the  surface  region  with  maximum  temperature  situated 
around  30  nm  inside  the  target,  whereas  for  the  strongly  absorbed  radiation  the  temperature  profile  is  much  steeper  and  the 
maximum  temperature  is  very  close  to  the  surface.  It  should  be  pointed  out  that,  because  molten  ZnO  is  metallic and  has 
a  high  electrical  conductivity,  the  corresponding  value  of  a  was  also  chosen  to  be  high,  5x10^  cm'^  and  independent  of 
wavelength.  The  differences  between  these  two  temperature  profiles  are  thus  solely  due  to  the  value  of  a  for  the  solid  phase 
material. 


Figure  7.  Temperature  depth  profiles  inside  ZnO  targets  during  the  action  of  a  laser  pulse  with  a  fluence  of  around  2.0  J/cm^ 
and  a  wavelength  of  (a)  X=:248  nm  and  (b)  X=  532  nm;  Tm  is  the  melting  temperature. 


Another  interesting  observation  from  Fig.  7  is  that  the  thickness  of  the  liquid  layer  increases  when  a  decreases.  The 
number  of  nucleation  sites  for  boiling  will  depend  on  the  nucleation  rate,  which  in  turn  depends  on  the  temperature  and 
volume  of  the  liquid.  It  is  thus  obvious  that  a  low  a  value  simultaneously  increases  both  factors  which  could  cause  sub¬ 
surface  explosive  boiling  processes  similar  to  microexplosions  to  occur  and  thus  explain  the  high  droplet  density  observed  on 
the  surface  of  the  grown  films.  However,  it  should  be  stressed  that  the  sub-surface  or  explosive  boiling  process  does  not 
solely  depend  on  the  value  of  the  super-heating  temperature.  Even  if  the  maximum  temperature  is  located  at  the  surface, 
volume  boiling  could  occur  provided  a  thick  layer  of  molten  material  having  a  temperature  higher  than  that  corresponding  to 
the  normal  boiling  temperature  exists.  The  cavities  observed  on  the  surface  after  the  ablation  process  with  poorly  absorbed 
photons,  are  caused  by  these  microexplosions. 

Confirmation  of  the  direct  correlation  between  the  value  of  a  and  the  droplet  density  was  provided  by  the  results 
obtained  when  growing  apatite  films  by  PLD.  This  material  has  a  low  a<5xl0^  cm"^,  even  at  266  or  248  nm,  the  laser 
wavelengths  used  for  ablation.  Confirming  our  expectations,  the  surface  of  the  grown  films  was  covered  by  a  high  density  of 
micrometer-sized  droplets^"^.  However,  when  the  a  value  was  significantly  increased  either  by  doping  with  Mn  or  as  an 
effect  of  a  reducing  annealing  treatment  in  a  H2  atmosphere,  the  surface  density  of  the  droplets  was  reduced  by  orders  of 

magnitude^^. 
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It  is  important  to  note  that  Dat  et  al  when  growing  LSCO  thin  films  by  PLD  (KrF,  X,=248  nm,  fluences  around  1-3 
J/cm^),  observed  a  sudden  increase  in  the  droplet  density  for  prolonged  deposition  times.  The  authors  have  suggested  that  the 
loss  of  oxygen  due  to  preferential  evaporation  could  cause  the  modification  of  the  thermal  and  mechanical  properties  of  the 
target  making  the  material  more  brittle  and  thus  inducing  splashing.  We  believe  that  this  is  yet  another  example  of  the  OAC 
role  in  the  droplet  formation. 

To  study  the  effect  of  the  oxygen  content  on  the  OAC  value,  LSCO  films  were  grown  on  quartz  substrates  at  a  base 
vacuum  of  10"^  torr  or  under  an  oxidising  atmosphere  (N2O,  from  10’^  to  10""^  torr)  using  a  KrF  laser  and  similar  fluence 

values  to  those  employed  in  ref^^.  The  optical  transmittance  of  the  films  grown  in  vacuum  and  under  the  oxidising 
atmosphere,  measured  from  220  to  280  nm,  around  the  laser  wavelength  employed  for  ablation,  is  shown  in  Fig.  8.  Taking 
into  account  the  thickness  of  identical  films  grown  on  Si  substrates,  the  OAC  values  were  calculated  to  be  1.8x10^  cm‘^  and 
2.4x10^  cm"^  respectively.  It  was  found  by  Rutherford  backscattering  spectroscopy  that  films  grown  under  vacuum  were 
oxygen  defficient  with  respect  to  those  grown  under  an  oxidising  atmosphere. 

Numerical  estimations  of  the  temperature  depth-profiles  for  the  two  OAC  values,  based  on  the  one  dimensional  heat 
diffusion  equation  previously  shown  were  also  performed.  Unfortunately,  thermo-physical  data  for  LSCO  material  are  not 
well  documented.  To  circumvent  this  difficulty,  the  ablation  threshold  was  determined  by  measuring  with  a  QCMB  the 
dependence  of  the  deposited  mass  on  the  laser  fluence.  As  the  deposited  mass  was  found  to  be  linearly  dependent  on  the  laser 
fluence,  it  was  also  inferred  that  the  plasma  absorption  could  be  neglected  in  these  numerical  simulations.  Where  the 
remaining  necessary  thermo-physical  data  for  LSCO  were  not  available  those  of  La03  were  used  instead,  adjusted  to  yield  a 
similar  laser  ablation  threshold  value. 
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Figure  8.  Optical  absorptivity  of  LSCO  films  deposited 
under  an  oxidising  atmosphere  and  in  vacuum. 


Depth  [nm] 


Figure  9.  Temperature  depth  profiles  inside  a  LSCO  target 
during  the  action  of  a  laser  pulse  with  a  1.5  J/cm^  fluence  and 
248  nm  wavelength  for  different  OAC,  a  (cm"^),  and  thermal 

k=0.05,  and  d)  a=L8xl04, 


conductivities,  k  (W/cmK):  a)  a=2.4xl05,  k=0.05,  b)  a=2.4xlo5,  k=0.05-0.13,  c)  a=1.8xlo4, 
k=0.05-0.13. 


The  temperature  depth-profiles  for  the  two  OAC  values  experimentally  measured  are  displayed  in  Fig.  9.  Also  shown 
for  each  OAC  value  is  another  temperature  depth-profile  estimated  with  a  reduced  value  of  thermal  conductivity.  It  can  be 
notice  that  although  the  thermal  conductivity  variation  affects  the  data,  the  major  contribution  cames  from  the  value  of  the 
OAC.  It  is  clear  that  for  films  having  a  low  OAC  value,  the  laser  radiation  induced  a  volume  heating,  with  a  thick  melted 
layer  which  reached  temperatures  in  excess  of  the  normal  boiling  temperature.  Under  such  conditions,  sub-surface  explosive 
boiling  is  very  likely  to  occur,  which  can  explain  the  appearence  of  the  splashing  effects  observed  when  growing  LSCO 
films  for  long  time  durations. 


4.  CONCLUSIONS 

The  surface  morphology  of  laser  irradiated  targets  under  conditions  usually  employed  for  PLD  has  been  investigated. 
For  irradiation  with  photons  whose  energies  are  lower  than  the  target  material  band-gap  energy,  the  presence  .of  circularly- 
shaped  cavities,  most  likely  formed  by  the  release  of  gas  (vapour)  from  beneath  the  surface  caused  by  the  sub-surface  boiling, 
was  always  observed,  regardless  of  the  target  material.  Whenever  these  holes  appeared  on  the  target  surface,  the  droplet 
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density  on  the  surface  of  the  film  deposited  from  such  targets  significantly  increased.  This  investigation  suggests  that  the 
sub-surface  or  volume  boiling  is  at  least  partially  responsible  for  the  large  density  of  droplets  seen  on  the  surface  of  grown 
films  using  a  laser  wavelength  that  is  not  strongly  absorbed  by  the  target.  Even  when  the  initial  optical  absorption 
coefficient  is  high  and  the  droplet  density  very  small,  laser  irradiation  can  induce  target  modifications  which  decrease  the 
absorption  and,  consequently,  increase  the  droplet  density.  A  non-negligible  SSSH  effect  in  laser  irradiated  targets  is 
predicted  according  to  heat-diffusion  simulation  results  provided  the  initial  a  value  is  below  5x10  '^  cm'^.  However,  we 
believe  that  this  SSSH  value  is  not  solely  responsible  for  the  volume  boiling,  but  also  the  thicker  liquid  layer  formed  under 
these  conditions.  It  should  be  also  clearly  stated  that  sub-surface  volume  boiling  is  not  the  only  mechanism  responsible  for 
droplet  emission,  as  droplets,  although  fewer  in  number,  were  also  found  on  the  surface  of  films  grown  using  highly 
absorbed  laser  wavelengths. 
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ABSTRACT 

Obtaining  sharp  and  sometimes  special  patterns  on  hard  materials  surfaces  (texturing)  is  rather 
difficult  by  conventional  procedures,  which  made  the  laser  an  attractive  choice  in  this  matter.  Absorption 
of  Nd:YAG’s  1.06  pm  radiation  in  most  steels  and  ceramics,  which  are  the  common  materials  for 
textured  surfaces,  is  good  such  that  average  power  lasers  can  be  used. 

In  this  paper  we  are  concerned  with  the  principal  phenomena  involved  in  the  texturing  process  and 
with  the  sought  of  a  simple  mathematical  model  that  will  allow  to  choose  right  working  regime,  and  make 
estimations  about  the  system  performances  (speed,  power  consumption,  etc.).  Experimental  data  were 
obtained  by  using  both  a  Electro-Optically  Q-switched  CW  laser  with  an  average  power  of  up  to  lOOW 
and  a  pulsed  free  running  laser  with  an  average  power  of  up  to  100  W  and  pulse  energy  of  up  to  lOJ.  The 
experimental  set-up  includes  an  X-Y  stage  and  two  gold  deflectors  used  to  cover  the  entire  surface. 

Keywords:  texture,  Nd:YAG  laser,  Q-switch 


1.  INTRODUCTION 

Surface  texturing  consist  in  creating  a  microscopic  relief  on  technical  surfaces.  The  necessity  of 
such  structured  surfaces  comes  from  different  applications  that  require  improvement  of  adhesion,  friction 
or  ink  and  paint  uniformity.  Such  relief,  which  are  made  by  digging  closed  or  overlapped  small  groves  are 
usually  made  on  metallic  surfaces  or  ceramic  coatings  and  most  of  these  materials  interact  well  enough 
with  the  Nd'.YAG  laser  beam. 

Some  parts  in  printing  industry  require  a  special  kind  of  texture  in  which  the  profile  is  not 
perpendicular  to  the  surface.  With  conventional  techniques  like  chemical ,  electro-chemical,  sandblasting 
this  is  almost  impossible  to  achieve.  One  of  the  advantages  of  laser  texturing  is  that  such  holes  in  material 
can  be  obtained  using  an  average  power  (in  range  of  tenths  or  hundreds  Watts)  laser  that  can  penetrate 
the  material  at  different  angles. 

Besides  the  aspects  of  material  removal  by  laser  which  is  the  main  phenomena  involved  in  the 
process  some  considerations  must  be  taken  in  order  to  determine  the  quality  of  the  textured  surface. 
Formerly  we  will  be  concerned  with  the  two  main  aspects  of  this  technique  in  a  proper  order. 


2.  THEORETICAL 

2.1  Laser  ablation 

Given  available  lasers  today  the  radiation  must  be  focused  on  the  surface  in  order  to  dbtain 
interaction.  This  leads  to  a  most  used  cylindrical  geometry  and  the  texture  by  material  removed  will  be 
obtained  from  ablated  craters  which  may  or  may  not  be  overlapped. 
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Thus  the  processing  problem  will  be  reduced  to  the  geometry  of  the  craters  obtained  by  laser 
irradiation  of  the  surface.  Shape  of  craters  will  depend  on  optical  and  thermophysical  properties  of  the 
material  and  the  characteristics  of  laser  pulses  used.  Depending  on  the  laser  power  density  (  energy  per 
unit  time  and  unit  area  )  used,  two  different  situations  occur.  First  one  corresponds  to  irradiation  with 
short  pulses  in  case  of  which  the  main  phenomenon  is  vaporisation  and  the  other  one  is  a  regime  with 
long  laser  pulses  (smaller  power  density)  which  leads  to  another  removal  mechanism.  In  the  second  case 
the  material;  is  expelt  from  the  substrate  both  in  liquid  and  vapour  phase  due  to  recoil  shocks  determined 
by  the  boiling  of  the  melt. 


2.1.1  Ablation  with  short  laser  pulses 

When  a  short  laser  pulse  (in  fs  -ps  range)  reaches  a  material  surface  it  will  be  quickly  absorbed  by 
it.  Compared  to  thermal  relaxation  times  the  irradiation  is  fast  and  heat  conduction  loses  are  small.  In  this 
case  almost  the  entire  amount  of  energy  provided  will  be  used  to  vaporise  the  material  so  that  simple 
computations  will  give  the  volume  of  material  removed.  This  is  a  saturation  situation  in  which  the 
efficiency  of  the  process  is  maximum.  Actually  this  efficiency  varies  rapidly  at  lower  power  density  when 
conduction  loses  occur  and  plasma  cloud  is  not  removed  fast  enough.  When  not  considering  absorption  in 
plasma  cloud  a  relationship  for  ablation  depth  was  obtained[l]  (eq.  1) 
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where  Le  is  the  crater  depth,  I  is  laser  intensity  and  Ith  is  a  threshold  value  given  by  condition  from  eq.  2 
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where  Q  is  vaporisation  specific  heat,  z\  is  laser  pulse  duration,  a  the  exponential  absorption  coefficient 
and  p  is  the  mass  density.  Equations  above  are  correct  if  an  approximate  condition  that  requests  the  heat 
losses  to  be  small,  is  satisfied,  (eq.3). 
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The  above  relations  were  in  good  agreement  with  experiments  and  they  are  also  used  for 
modelling  the  laser  drilling  process. 


2.1.2  Ablation  with  long  laser  pulses  at  low  fluencies 

When  irradiation  time  is  long  enough  that  heat  penetrates  beyond  the  interaction  zone  then  a 
significant  amount  of  heat  is  lost  by  conduction.  In  this  regime  when  vaporisation  occurs,  there  is  already 
a  large  amount  of  melted  material.  Furthermore  when  vaporisation  has  begun  pressure  of  vapours  quickly 
generated  blow  out  melted  material  which  will  be  found  around  the  crater.  However,  in  this  regime 
significant  vaporisation  that  actually  starts  the  process  will  occur  only  if  a  threshold  laser  intensity  is 
reached  (eq.4),  otherwise  there  will  be  only  melted  and  re-solidified  material. 
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In  this  case  it  is  more  difficult  to  find  relationship  that  gives  the  ablation  depth.  However  some 
mathematical  models  have  been  developed[2].The  main  reason  is  that  the  ratio  between  melted  and 
vaporised  material  varies  with  material  thermal  properties  and  laser  intensity.  There  is  an  important  aspect 
of  the  process  that  concerns  the  laser  texturing  with  long  laser  pulses.  Besides  the  crater  formed, 
aditionally  relief  is  obtained  from  the  debris  of  expelt  material  (photo  2).  In  some  situations  this  will 
substantially  increase  the  quality  of  the  texture. 


2.2  Texturing  degree 

The  analysis  of  the  textured  surface  regardless  the  processing  method,  may  be  often  necessary  in 
order  tb  be  able  to  measure  the  efficiency  of  a  certain  method  or  to  compare  two  or  more  textured 
surfaces.  For  this  propose  we  must  relate  to  each  one  a  numerical  value  which  corresponds  to  a  physical 
greatness  which  can  be  measured  directly  or  to  be  calculated  from  the  values  corresponding  to  the 
measurable  properties  of  the  surface.  The  physical  greatness  introduced  should  carry  sufficient 
information  about  the  properties  of  the  investigated  surface. 

It  is  obvious  that  it  only  a  physical  greatness  that  cannot  be  measured  directly  can  be  considered 
being  actually  derived  from  results  of  statistical  measurements  or  computations  of  about  the  surface.  We 
must  first  see  if  an  order  relationship  is  consistent  by  answering  to  ourselves  to  the  following  question; 
What  means  a  more  textured  surface  than  another?  As  we  saw,  it  may  depend  on  the  application  that 
requires  a  textured  surface.  For  example  let  us  consider  the  case  of  improving  paint  adhesion  to  a  certain 
substrate.  Paint  adherence  can  be  considered  as  the  force  per  unit  area  necessary  to  unstuck  it  from  the 
substrate.  For  a  planar  surface  related  to  molecules  or  small  particles  involved,  this  force  depends  upon 
the  resultant  of  cohesion,  forces  between  paint  molecules  (particles)  and  substrate.  Given  a  certain  surface 
the  total  unstuck  force  is  proportional  to  surface  area,  i.e.  the  effective  contact  surface.  If  from  a 
macroscopically  point  of  view  the  examined  surface  remains  the  same  but  it  is  not  smooth  then  the 
effective  contact  area  will  be  larger  and  the  corresponding  adherence  will  de  greater  that  when  smooth 
(figure  1). 


a.  b. 

Figure  1  The  necessary  unstuck  force  for  smooth  (a)  and  rough  (b)  surfaces 

Thus  the  first  criteria  we  may  introduce  for  texturing  characterisation  can  be  the  effective  free 
area  resulted  which  can  be  put  without  difficulty  in  direct  correspondence  with  paint  adherence.  But  it  is 
not  sufficient  in  this  case  because  we  may  want  to  know  which  is  the  medium  size  of  the  textured  relief 
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because  the  total  free  area  resulted  might  not  be  completely  used.  This  happens  when  relief  size  is 
comparable  with  particles  size  or  anti-capilliarity  can  occur  (in  case  of  non  whetting  liquids  -  figure  2). 

We  have  established  so  far  at  least  two  parameters  that  should  characterise  a  textured  surface 
which  are  the  microscopically  times  macroscopically  area  and  medium  hole  size.  Some  authors  [3]  are 
concerned  with  the  random  aspect  of  the  texture  which  is  given  by  an  autocorrelation  spectrum, 
uniformity  of  the  texture  given  by  profile  departure  density  and  from  a  simple  Fourier  profile  spectrum 
one  can  verify  the  absorptivity  and  adhesion  of  thick  fluids. 


Figure  2  Typical  forces  that  determine  the  penetration  of  paint  in  texture  depth 


One  practical  method  of  investigation  is  laser  scan  of  the  surface  followed  by  a  numerical 
processing  of  obtained  data.  A  focused  laser  beam  is  scanned  along  the  investigated  surface  and  scattered 
light  feeds  into  an  optical  detector.  Analogue  data  is  converted  to  digital  and  fed  to  a  computer  which 
also  controls  the  scanning  process. 

There  are  two  ways  of  handling  with  digital  data.  One  is  averaging  the  spectrum  and 
autocorelation  obtained  in  one  dimension  over  the  entire  surface  and  the  other  one  is  to  perform  directly  a 
two-dimensional  analysis.  Handling  and  discussing  one  dimensional  data  is  a  bit  simpler  than  in  two 
dimensions  and  it  is  preferred  this  way.  However  variations  of  depth  over  the  averaging  direction  is  lost 
or,  in  other  words,  if  the  scan  is  made  on  a  new  direction,  perpendicular  to  the  first  one,  then  the 
spectrums  may  differ  considerably. 

From  the  former  paragraphs  we  saw  that  it  is  possible  to  determine  the  geometry  of  the  texture 
obtained  when  knowing  the  irradiation  regime  and  periodicity  of  the  scan.  It  is  possible  then  to  calculate 
parameters  of  the  textured  surface  in  the  ideal  case,  in  which  the  geometry  is  exactly  as  predicted.  An 
integral  relation  can  be  found  that  gives  the  total  microscopic  area; 
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where  h(x,y)  is  the  function  of  depth  of  the  relief  Also  the  formula  can  be  used  for  experimental  data 
resulted  from  laser  scanning  or  microphotography.  Additional  information  are  given  by  a  Fourier 
Transform  of  the  depth  function: 

=  J1  Kx,  >')exp(-t6)(jc + iy))dxdy  (6) 

In  some  simplified  situations  we  are  able  to  calculate  both  spectrum  and  microscopically  area 
theoretically  for  a  given  geometry.  Let  us  consider  the  most  common  case  in  which  texture  consists  in 
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closed  cylindrical  groves  of  diameter  D  and  depth  h  and  density  g  (groves  /cm^).  Simple  considerations 
will  lead  us  to  the  formula  below: 


=  (7) 

Thus  we  may  expect  paint  adherence  to  grow  linearly  with  groves  density  or  diameter  in  some 
limits  (not  overlapped).  From  this  point  of  view  we  may  conclude  that  the  surfece  will  be  better  textured 
if  we  have  a  larger  groves  density  and  diameter  which  means  that  the  groves  must  be  very  close  to  each 
other.  This  is  a  limit  case  in  which  eq.  7  has  only  one  parameter,  D  as  the  groves  density  is  maximum: 

Amicro  =  AotO~+^hlD)  (8) 

Equation  8  shows  that  we  e>q)ect  an  improvement  of  the  texture  (from  paint  adhesion  point  of 
view)  as  groves  diameter  decreases.  Of  course  this  is  true  only  in  some  limits  as  discussed  formerly.  An 
approximate  formula  can  be  established  for  textured  surfeces  obtained  with  long  pulse  laser  assuming  an 
hemispherical  shape  of  the  crater. 

Besides  the  parmeters  above  some  applications  require  computation  of  means  like  roughness, 
profile  bearing  part,  profile  departure  density  or  auto-correlation  spectrum. 


3.  EXPERIMENTAL 

Two  types  of  laser  were  used  in  order  to  obtain  texture  in  a  wide  range  of  laser  intensity  working 
regime.  The  first  one  was  a  short  E-0  (Electro-Optically)  Q-  switched  pulse  pumped  laser  and  the  second 
one  was  a  long  pulse  laser.  A  texture  pattern  like  the  one  presented  in  photo  1  was  obtained  using  a  pm 
step  X-Y  stage  to  move  the  sample  in  the  focal  plane  of  the  focusing  lens. 


lOOum  a.  100  nm  b. 


Photo  1.  a.  Detail  of  textured  surfaces  of  Aluminium  sample  with  E-0  Q-Switched  pulses  (220  mJ,  56  ns);  b. 
Detail  of  textured  surfaces  of  Stainless  Steel  sample  with  long  free  running  pulses  (1 .6J,  0.5ms) 

For  the  E-Q  Q-Swkched  laser  energy  per  pulse  ranged  between  70  and  250  mJ  while  pulse 
duration  was  30  to  70  ns.  Table  1  presents  ejqierimental  results  obtained  on  Stainless-Steel,  Aluminium 
and  Brass.  The  depth  of  the  craters  was  measured  with  an  optical  microscope  and  the  diameter  was 
measured  with  an  electronic  microscope. 
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Table  1 


Laser 

Characteristics 

Stainless  steel 

Aluminium 

Brass 

Pulse 

Pulse 

Spot 

Laser 

Crater  depth 

Crater  depth 

Crater 

Energy 

Duration 

Diameter 

Intensity 

(pm) 

(pm) 

depth 

(mJ) 

(ns) 

(pm) 

(GW/cm") 

(pm) 

79 

70 

250 

2.5 

14 

32 

3 

130 

64 

280 

3.5 

26 

72 

- 

180 

60 

280 

4.8 

39 

130 

8 

220 

56 

280 

5.86 

53 

173 

- 

Figure  3.  Variation  of  crater  depth  in  aluminium  and  stainless  steel  when  irradiated  with  E-0  Q-Switched  laser 
pulses. 


Figure  3  presents  variation  of  craters  depth  obtained  with  E-0  Q-switched  pulses  vs.  Laser 
intensity.  A  very  good  linear  fit  matched  the  two  plots.  Equation  4  from  section  2  gives  the  threshold 
condition  for  ablation  with  laser  pulses  in  ns  -  ps  range.  Although  the  discussion  referred  at  low  laser 
fluencies  (0.1-10  J/cm^)  the  same  relationship  can  be  used  for  higher  fluencies  because  it  is  a  threshold 
condition  and  we  can  consider  that  the  process  is  not  initiated.  As  the  laser  fluency  is  increased  further 
variations  will  depend  on  the  dynamics  of  the  process.  Assuming  an  average  pulse  duration  of  60  ns  we 
obtained  from  the  linear  fit  the  threshold  fluency  for  stainless  steel  78  J/cm^  and  for  aluminium  108  J/cm^. 
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In  the  case  of  long  pulse  laser  (0.5  to  4  ms)  when  laser  intensity  ranged  from  1  to  4  MW/cm^  the 
effect  on  metals  was  small  because  a  small  amount  of  material  could  be  vaporised.  However,  we  were 
able  to  obtain  groves  with  depth  in  range  of  5  to  12  pm  with  a  threshold  of  1  to  2.5  MW/cm^.  When 
working  with  short  laser  pulses  an  alumina  sheet  weakly  interacts  with  the  laser  beam  but  with  long  laser 
pulses  it  could  be  textured  with  non  constant  depth  of  the  craters.  Moreover,  it  was  noticed  that  for  small 
power  densities  the  process  does  not  always  start-up.  Figure  4  shows  the  ignition  probability  (relative 
frequency)  obtained  in  our  experiments. 


Figure  4.  Ignition  probability  of  interaction  of  an  alumina  plate  with  long  laser  pulses  (0.5  to  4ms)  vs.  laser 
intensity. 

It  is  believed  that  such  a  behaviour  comes  out  from  the  fact  that  the  laser  beam  was  focused  into  a 
spot  which  is  comparable  with  the  dimensions  of  the  domains  that  dictate  the  overall  reflectivity.  Some 
absorption  centers  may  be  located  on  small  areas  that  are  not  always  “found”  by  the  laser  beam.  From 
figure  5  it  results  that  one  can  expect  a  good  texture  if  the  power  density  exceeds  4-4.5  MW/cm^ ,  while 
crater  depth  can  be  controlled  by  correlating  power  density  with  laser  fluency  and  pulse  duration. 


4.  CONCLUSIONS 

Theoretical  considerations  and  experimental  results  presented  in  this  paper  aimed  to  help  in 
fulfilling  the  task  of  surface  texturing  with  Nd:YAG  laser.  First  of  all  one  must  start  from  the 
requirements  of  the  texture,  which  will  depend  on  applications  of  the  textured  surface.  Thus  the  material 
and  the  parameters  of  the  texture  to  be  obtained  must  be  known.  Once  the  texture  requirements  are  set,  a 
certain  pattern  will  be  chosen  depending  on  the  available  laser  capabilities  (spot  geometry  and  size, 
correlation  of  spot  size  with  woridng  regime).  Paragraph  2.2  gives  an  example  of  computing  texture 
parameters  in  a  common  geometry  obtained  in  out  experiments.  Furthermore  the  texturing  process  is  not 
set  until  the  type  of  material  is  known.  Laser  Intensity  and  pulse  duration  are  practically  the  most 
important  parameters  in  the  process.  Thus  it  was  shown  that  metallic  surfaces  will  be  efficiently  textured 
with  short  laser  pulses  (50-70  ns)  corresponding  to  high  intensities  and  a  linear  dependence  was  found 
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between  crater  depth  and  power  density  in  this  case.  Meanwhile  ceramic  materials  like  Alumina  can  be 
processed  with  long  laser  pulses  with  a  laser  intensity  that  exceed  4  MW/cm^. 

Only  when  the  working  regime  is  known  the  last  parameters  of  the  scan  can  be  set  and  the  process 
can  be  started.  Sometimes  preliminaiy  experiments  are  required  in  order  to  determine  the  differences 
between  the  parameters  of  the  texture  calculated  ideally  and  the  obtained  ones.  Experiments  on  alumina 
and  metallic  surfaces  showed  that  a  good  texture  can  be  obtained  using  intermediate  laser  intensities 
(0.01-1  GW/cm^)  with  longer  laser  pulses  (0.1-200ps)  corresponding  to  relaxation  regime  of  pulsed  laser 
or  A-0  (Acusto-Optically)  Q-Switched  lasers  .In  this  case  mathematical  models  require  numerical  solving 
complicated  systems  of  differential  equations  for  predicting  crater  shape  and  dimensions. 
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ABSTRACT 


The  compound  Mercuric  Bromoiodide  (HgBrxIa-x)  belongs  to  the  Hgl2-HgBr2  system.  It  is  promising 
for  the  same  applications  as  Hgl2,  that  is  as  solid  state  X  and  y  detector,  operating  at  room  temperature 
since  it  exhibits  a  number  of  properties  which  are  necessary  for  such  applications,  i.e.  large  atomic 
number,  large  band  gap  (2.4-3. 4  eV)  and  high  resistivity. 

Using  a  Confocal  Laser  Scanning  Microscope  we  made  some  investigations  regarding 
topographical  distribution  of  impurities  or  related  defects.  Analysis  of  chemical  composition  of  HgBrxU-x 
crystals  were  performed  on  a  SEM  model  Phillips  515  equipped  with  Energy  Dispersive  X-ray  Analysis 
(ED  AX). 

Keywords:  semiconductors,  detectors,  confocal  microscopy,  X-ray  diffraction 

1.  INTRODUCTION 


The  compound  Mercuric  Bromoiodide  (HgBrxL-x)  belongs  to  the  Hgl2-HgBr2  system  crystallizes  in 

(he  orthorhombic  system  with  space  group  C^v  and  lattice  parameters  a=7.716  A,  b=13.106  and  c=6.044A\ 
It  is  promising  for  the  same  applications  as  Hgl2,  that  is  as  X  and  y-ray  solid  state  radiation  detector, 
operating  at  room  temperature^  since  it  exhibits  a  number  of  properties  which  are  necessary  for  such 
applications,  i.e.  large  atomic  number,  large  bandgap  (2.8  eV)  and  high  resistivity  (10^^  Q^cm).  It  is 
reported  in  literature  that  it  can  be  grown  from  solution,  from  the  vapour  phase  and  from  the  melt. 

The  ability  to  control  the  distribution  of  impurities  in  grown  materials  depends  on  which  methods  we 
measure  the  appropriate  variable  with  sufficient  sensitivity.  The  detection  of  optical  inhomogeneities  in 
semiconductors  can  be  easy  e\T)lained  considering  the  interaction  between  the  electromagnetic  radiation  and 
the  semiconductor. 

A  knowledge  of  the  topographical  distribution  or  related  defects  is  equally  desirable  in  order  to  select 
materials  of  uniform  optical  and  consequently  electrical  properties.  The  Scanning  Laser  Infrared  Microscopy 
^vas  designed  to  observe  the  spatial  distribution  of  optical  inhomogeneities  in  semiconductors^  *.  This 
technique  insured  high  speed  and  high  contrast  observations  in  real-time.  The  main  disadvantage  of  this 
method  was  connected  with  the  resolution.  That  disadvantage  was  eliminated  by  using  Confocal  Laser 
Scanning  Microscope  (CLSM),  which  assures  a  better  resolution^' 

The  chemical  composition  of  the  samples  was  determined  using  a  non-destructive  method  by  scanning 
electron  microscopy  (SEM)  equipped  with  a  X-ray  analyzer  (ED AX). 

Using  CSLM  and  EDAX  techniques  we  investigated  several  HgBrxIa-x  crystals.  Using  the  both 
techniques  we  obtained  details  regarding  the  homogeneity  of  the  crystals  as  well  as  information  about  chemical 
composition. 


SPIE  Vo!.  3405  •  0277-786X/98/$10.00 
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2.  MATERIAL  AND  METHODS. 


2.L  Material. 


HgBrxl2-x  crystals  were  grown  by  the  vertical  moving  vapour  transport  method.  The  starting 
material  was  poly  crystal  line  HgBrI  which  was  prepared  by  us. 

The  ampoule  containing  HgBrI  was  then  placed  in  a  vertical  transparent  tube  furnace  in  such  a 
way  that  its  whole  length  was  at  a  temperature  --230  ®C,  which  is  above  the  melting  point  of  HgBrI 
(--190  ®C)  but  below  the  melting  points  of  Hgl2  and  HgBr2.  The  ampoule  was  left  to  this  position  for  24 

hours  and  then  it  was  pulled  up  inside  the  furnace  at  a  rate  of  1.5  cm/day,  towards  the  upper  cooler  part 
of  the  furnace.  When  the  upper  tip  of  the  ampoule  reached  a  temperature  below  the  melting  point  of  the 
compound,  condensation  of  the  gas  phase  occurred  there  and  finally  a  small  transparent  orange-colored 
crystal  appeared,  which  grew  in  size  in  1-2  days  till  all  the  starting  material  was  deposited.  The  cooling 

rate  around  solidification  point  was  0.11  ®C/h.  After  the  crystal  was  formed,  the  pulling  continued  for  at 
least  10  days.  The  resulting  ingot,  after  cooling  at  room  temperature,  was  yellow,  visually  homogeneous 
and  consisted  of  few  large  single-crystalline  grains.  The  transparent  and  yellowish  crystals  were  easily 

cleaved,  so  it  was  easy  to  obtain  single  crystalline  thin  plates  with  a  surface  of  about  2  cm^. 


2.2.  Methods  of  investigation. 

It  is  very  well  known  that  unlike  light  microscopy,  CSLM  allows  for  higher  resolution  due  to 
ability  to  scan  images  in  a  single  focal  plane.  The  CSLM  can  record  a  series  of  optical  sections  through 
relatively  thick  specimens,  that  can  be  individually  viewed  in  two  dimensions  (2D)  or  in  three 
dimensions  (3D). 

In  our  case  the  images  were  acquired  through  a  CSLM  Leica  (Fig.  1)  with  a  special  intermediate 
lube  for  laser  coupling  x/y  mirror  scanner  and  detector  unit  with  two  independent  channels 
(photomultipliers)  for  confocal  reflection  and/or  fluorescence  microscopy,  the  system  is  equipped  with  an 
Kr-Ar  laser  (488nm/514nm),  with  an  output  power  of  2-50mW,  which  is  used  as  illuminating  source. 
The  detector  has  a  variable  pinhole.  In  our  experiments  the  data  have  been  acquired  on  the  two  channels 
in  fluorescence  and  in  reflection. 


Fig.l.  Schematic  diagram  of  Confocal  Laser  Scanning  Microscope 


The  images  were  acquired  by  using  a  Leica  confocal  laser  scanning  microscope  (Leica  Lasertechnik, 
Heidelberg,  Germany),  with  a  special  intermediate  tube  for  laser  coupling  x/y  mirror  scanner  and  a  detector 
unit  with  two  independent  channels  (photomultipliers)  for  confocal  reflection  and/or  photoluminescence 
microscopy.  The  system  is  equipped  with  an  Argon-Krypton  laser  (488  nm/514  nm),  with  an  output  power  of 
2-50  mW,  which  is  used  as  illuminating  source.  For  investigations  based  on  photoluminescence  two  filters 
Avere  used,  one  for  the  radiation  with  ^>488  nm  and  another  for  photoluminescence  radiation  having  X.>550 
nm. 


The  detector  has  a  variable  pinhole  ((I)20“500|im ).  The  small  pinhole  size  offers  a  better  lateral  and 
axial  resolution,  but  also  the  lower  the  intensity  of  the  photoluminescence  light  that  reaches  the 
photomultiplier . 

In  our  experiments  the  data  have  been  acquired  on  two  channels,  in  photoluminescence  and  in 
reflection  The  format  was  256x256  pixels  or  512x512  pixels  per  slice.  To  increase  the  magnification  level  a 
\  ariable  electronic  zooming  factor  acquisition  was  used.  The  original  image  data  set  was  transferred  from  the 
CLSM  Leica  system  to  the  SPARC  station  running  Open  Windows  system.  Each  image  of  the  various 
sequences  was  interactively  displayed  by  using  a  special  software. 

Analysis  of  chemical  composition  of  HgBrxL-x  crystals  were  performed  on  SEM  model  Phillips 
515  equipped  with  ED  AX. 


3.  RESULTS  AND  DISCUSSION 


3.1.  Compositional  analysis. 

The  chemical  composition  of  the  samples  was  determined  using  a  non-destructive  method  by  scanning 
electron  microscopy  (SEM)  equipped  with  an  energy  dispersive  X-ray  analyzer  (EDAX)  .The  analyses  were 
done  on  a  Phillips  Model  505  unit  within  1%  accuracy.  Fig.2  illustrates  the  EDAX  spectrum  profile  on  a 
sample  of  It  can  be  seen  the  presence  of  the  three  peaks  assignment  to  individual  elements  Hg,  Br  and  I 
respectively  and  then  an  approximate  composition  can  be  evaluated  from  the  peak  intensity  rations. 
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Fig.  2.  EDAX  analysis  on  HgEr^L-x  semiconductor 
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3.2.  Investigation  by  CLSM 

The  Fig.  3  shows  the  images  obtained  by  photoluminescence  for  different  penetration  depths  in  the 
crystal.  We  used  green  radiation  (514nm)  of  the  Kr-Ar  laser.  The  images  represent  different  sections  of  the 
crystal,  the  distance  between  two  successive  sections  being  of  5  pm.  The  image  1  represents  the  crystal  surface. 
It  can  be  observed  that  in  the  images  3,  4  and  5  a  strong  photoluminescence  appeared.  The  three  focal  planes 
are  placed  at  15  pm,  20pm  (fig.  4)  and  25pm  under  surface.  We  can  conclude  that  in  the  bulk  of  the  crystal 
there  is  a  inhomogeneity  in  the  crystal.  Due  to  the  fact  that  wavelength  of  the  photoluminescence  crystal  is 
much  more  then  550nm  we  can  suppose  that  the  inhomogeneity  represent  a  accumulation  of  HgBrj2-x.  where  x 
next  to  zero  (it  is  know  that  Hgl2  have  a  bandgap  of  2,4eV  corresponding  with  a  wavelength  of  5 16nm). 


Fig.  3.  Confocal  images  obtained  by  photoluminescence  for  different  penetration  depths 


Fig.  4.  3D  representation  of  image  4 
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4.  CONCLUDING  REMARKS 


Using  CLSM  we  made  several  non-destructive  characterizations  of  the  HgBri  crystals.  The  signal 
generated  by  photoluminescence  offers  a  better  possibility  to  know  the  exact  position  of  the  inhomogeneity 
placed  on  the  surface  and  in  the  volume  of  the  crystal  as  well  as  the  nature  of  inhomogeneity. 
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ABSTRACT 

The  selection  of  the  best  laser  for  a  given  application  is  a  common  problem  of  laser  users.  However,  a  direct  relationship 
betw^een  laser  intrinsic  characteristics  and  a  potential  application,  risks  to  make  the  laser  source  selection  process  unilateral 
and  partially  mistaken.  In  fact,  the  best  processing  technolog)  for  a  given  application  must  be  chosen.  Therefore,  the  present 
paper  proposes  an  indirect,  more  realistic  selection  process.This  process  starts  from  a  general  laser  application  definition. 
Then,  it  passes  through  the  analysis  of  the  needed  laser  beam  -  workpiece  material  interaction  and  of  the  nccessaty  laser 
technological  system.  Finally,  the  selection  process  ends  with  the  laser  processing  technology  definition,  where  the  choice  of 
the  most  suitable  laser  source  becomes  in  fact  possible. 

Kejn'ords:  laser  sources  selection,  laser  technological  sy  stems,  material  processing 

1.  INTRODUCTION 

Laser  material  processing  is  achiev  ed  by'  a  specific  technological  sy  stem  action.  In  such  action,  adequate  energetic 
transformations,  induced  by  laser  irradiation,  are  utilised  for  accurate  accomplishement  of  some  exi^ected  physical,  chemical 
and/or  geometrical  modification  of  workpiece  material  and  shape. 

The  performance  of  the  technological  action  are  mainly  determined,  on  the  one  hand,  by  the  structure  and  the  long 
time  functionality  of  laser  system  and,  on  the  other  hand,  by  the  workpiece  defining  features.^  ^ 

In  this  complexe  situation,  the  choice  of  the  best  laser  source  for  a  given  technological  application  has  a  primordial 
importance. 

Establishement  of  a  direct  relationship  between  laser  intrinsic  characteristics  and  a  potential  technological 
application  is  vety  difficult  and  risks  to  make  the  laser  source  choice  unilateral  and  partially  mistaken.  In  fact,  the  number 
and  the  variety  of  laser  selection  criteria  is  very'  large.  These  criteria  may  be  intrinsic  (relating  to  the  laser  oneself)  or 
extrinsic  (relating  to  a  laser  integrated  in  a  technological  system)  and  also,  as  in  any  machine  tool  system,  they  can  be 
functional,  constructive,  technological,  economic  and  ergonomic. 

The  selection  of  the  best  laser  for  a  given  application,  requires  a  knowledge  of  all  these  (and  even  other)  criteria. 

The  present  paper  proposes  a  laser  selection  process  based  on  a  technological  point  of  view.^  By  practical  reasons 
the  paper,  keeping  its  generality,  refers  to  the  choice  of  the  best  laser  source  for  a  laser  cutting  process. 

2.  LASER  SOURCE  SELECTION  PROCESS 

The  structure  and  the  functionality  of  a  laser  cutting  system  can  be  characterised  b>'  a  lot  of  elements,  factors  and 
parameters  (figures  1  and  2). 

The  fulfilment  of  material  processing  objectives  imposes  the  initiation  and  the  upkeep  of  some  well  determined 
interaction  phenomena  between  the  laser  beam  and  the  worlqjiece  material,  in  the  frame  of  requirements  defined  by  the 
general  laser  application. 

The  selection  and  the  characterization  of  these  phenomena  have  in  mind  both  the  workpiece  initial  and  final 
features,  as  well  as  the  processing  technolog)'  to  be  applied. 

On  this  basis  it  becomes  possible  to  structure  the  laser  technological  system,  able  to  materialize  the  desirable  effects 
and  modifications. 

A  possible  logical  schema  of  a  laser  manufacturing  technology  design,  which  implies  the  choice  of  the  best  laser 
source,  incorporable  in  a  new  laser  cutting  sy  stem  is  given  in  figure  3. 

It  must  be  underlined  that  for  a  certain  application  all  laser  system  main  components  -  laser  source,  optical, 
mechanical  and  assist  gas  systems  etc.-  are  more  or  less  simultaneously  involved 

Thus,  in  the  idealized  situation  in  which  different  laser  sources  would  have  the  same  or  near  functional  parameters, 
quality  and  reliability,  the  main  criteria  to  choose  the  best  one  would  become  those  connected  to  the  integration  of  lasers  in 
a  technological  system. 
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Unfortunately,  for  a  long  period  of  time  and  so  far  the  commercial  lasers  for  material  processing  were,  in  fact, 
incomparable  because  their  main  functional  features  ~  power,  intensity  profile,  wavelength  and  temporal  mode  have  been 
very  different.  Therefore,  an  actual  selection  process  of  the  best  laser  for  a  given  application  was  impossible. 

The  existing  situation  can  be  ilustrated  by  data  in  tables  1  and 

Figure  1 


Laser  system  structural  elements 

MAIN 

PERIPHERICAL 

Laser  source 

Assist  material 

Beam  guiding  systems 

Workpiece  handling 

Laser  working  head 

Process  control 

Workpiece  moimting 

Optics  cooling  system 

Manipulating  system 

Optics  protection  devices 

NC  control  unit 

Safety  system 

From  the  functional  point  of  view,  the  most  important  differences  between  disposable  lasers  for  material  processing 
concern  the  laser  beam  wavelength  (which  is  not  or  only  partially  adjustable),  the  laser  mean  power  (which  is  passed  over 
ten  kW  only  for  the  flowing  CO2  lasers)  and  the  operating  mode  (cw  or/and  pw). 

Only  in  the  last  some  years,  by  the  important  progress  in  laser  physics  and  engineering,  became  obvious  a 
convergency  trend  of  above  mentioned  main  functional  features  for  a  limited  number  of  representative  high  power  industrial 
lasers. 

Table  1 


CHARACTERISTICS 

CO2 

Nd:YAG 

DIODE  LASER 

Power,  [kW] 

<20 

<3 

multi  -  kW 

Watts/Lasing  Volume  [W/cm^] 

1 

50 

1000 

Efficiency  [%] 

5-10 

1-3 

30-60 

PriceAVatt  [DMAV] 

200-400 

300-1000 

200-400 

Wavelength  [^rni] 

10,6 

1,064 

_  _ 

0,78-0,83 

Voltage  [V] 

<  10000 

<  1000 

<  100 

Lifetime  [h] 

10000 

10000 

20000-100000 

Maintenance  [h] 

each  500 

each  200  (lampe) 

free 

Fiber  Delivery 

not  possible 

possible 

possible 
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Cutting  laser  system  functional  factors  and  parameters 


1.  INTENSE  LASER  BEAM 


2.  WORKPIECE 


-  material  nature 


-  power 

-  wavelength 

-  temporal  mode 


3.  ASSIST  GAS 


-  nature 

-  state  parameters 

-  flow  rate 


-  workpiece  surface  -  spatial  mode 

-  geometr>^  -  focal  spot  size 

-  physical  &  -  polarization 

chemical  state  -  power  &  TEM  mode 

stability 


4.  RELATIVE  SPATIAL  POSITION  AND  MOTION  OF  FACTORS  - 

V 


\  <=>  2  -  incidence  angle  of  laser  beam  on  the  workpiece  surface 

-  relative  position  of  laser  beam  focal  plane  and  workpiece  surface 

1  <=>  3  -  relative  position  of  laser  beam  and  gas  nozzle  longitudinal  axis 

2  c=>  3  -  relative  position  of  gas  nozzle  and  workpiece  surface 

1  c>  2  »  3  “  relative  motion  of  laser  beam,  gas  jet  and  workpiece 


Table  2 


Excimer 


pw 


200  W 


CHARACTERISTICS 


Nd:  YAG 


AVERAGE  POWER 

10  kW 

lOOW 

2kW 

20  W 

PEAK  POWER 

10  kW 

100  MW 

2kW 

100  MW 

PULSE  DURATION 

cw 

10-**  s 

cw 

10*  s 

REPETITION  RATE 

cw 

100  Hz 

cw 

20  Hz 

2 


Figure  3 


1  GENERAL  LASER  APPLICATION  I 

MANUFACTURING 

TYPE 

WORKPIECE 

IMPOSED 

TECHNOLOGICAL 

PERFORMANCES 

ADMISSIBLE 
SPECIFIC  COSTS/ 
CONSUMPTIONS 

MATERIAL 

GEOMETRY 

-Job  -  lot 

-Batch 

-Mass 

production 

-Metal 

-Ceramics 

-Plastics 

-Composite 

-Workpiece  length, 
breadth,  thickness; 

-  Cutting  spatial 
trajectory 

-Kerfs  depth  and 
breadth 

-  Kerfs  wall  quality 

-  Cutting  speed/mate¬ 
rial  removal  rate 

-Equipment 

-Consumables 

-Energy 

-Labour 

J 
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1  LASER  BEAM  -  MATERIAL  INTERACTION  PHENOMENOLOGY  I 

LASER  BEAM- 
MATERIAL  COUPLING 
PARAMETERS 

PHYSICAL  & 
CHEMICAL  EFFECTS 
INDUCED  BY 
IRRADIATION 

EXPECTED  LASER 
CUTTING  PHYSICAL 
MECHANISM 

THRESHOLD/ 
OPTIMUM  ENERGY 
ACTIVATION  FOR 
AN  EXPECTED 
TECHNOLOGICAL 
ACTION 

Reflectivity,  absorbtivity 
&  thermal  properties  of 
material,  in  given 

conditions 

-Heating 

-Melting 

-Vaporization 

-Ablation 

-Oxidation 

-Thermal  decomposition 
-Erosion 

-Vaporization 
-Melting  and  blowing 
-Burning  in  reactive  gas 
-Controlled  fracture 
-Scribing 

-’’Athermal”  cutting 

-Laser  beam  intensity/ 
fluence 

-Irradiation  duration 
-Linear  energy 
-Gas  flow^  rate  & 
pressure 

1  PROCESSING  TECHNOLOGY  1 

LASER  BEAM 

Power  * 

Wavelength 

Intensity  profile 

Focal  spot  size 
Polarization 

Spatial  mobility 

IRRADIATION  TEMPORAL  CONDITION 
(cw/pw) 

WORKPIECE  SPATIAL  MOBILITY 

GAS  JET 

Nature 

Flow  rate 

Pressure 

Spatial  orientation 

1  TECHNOLOGICAL  SYSTEM  I 

H 

LASER  SOURCE 

OPTICAL  SYSTEM 
LASER  HEAD 
WORKPIECE  FIXTURES 
ASSIST  GAS  SYSTEM 
MECHANICAL  SYSTEM 


SYSTEM 

AND 

PROCESS 

SUPPLY 

& 

CONTROL 
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A  siich  situation  (excepting  the  wavelength)  is  now  specific  to  industrial  CO2  and  Nd:YAG  lasers.  In  this  and 
similar  cases,  as  it  was  told  before,  the  main  laser  source  selection  criteria  become  the  extrinsic  ones  (for  excmple.  those 
indicated  in  table  3  for  comparison  of  CO:  and  Nd-YAG  laser  manufacturing  s>  sterns).^ 


Table  3 


COMBINATION  LASER/ 

Nd;  YAG/ 

CO2/ 

HANDLING  SYSTEM 

ROBOT 

GANTRY 

Investment  costs 

low' 

higli 

Running  costs  (laser) 

high 

low' 

Floor  space  required 

less 

much 

Accuracy' 

low' 

high 

Beam  guiding  s>'stem 

eas> 

complex 

Accessibility'  ! 

good 

bad 

Workroom 

small 

big 

Carbon  dioxide  (CO2)  and  solid  state  (NdYAG)  lasers  retain  a  prefferential  status  because  their 
power.adjustability,  quality  of  engineering  and  existing  techological  information,  permitting  their  large  and  efficient  use. 

However,  the  increasing  number  of  applications,  especially  in  new  ad\^anced  technologies  (semiconductor  and 
microelectronic  processing  as  well  as  rapid  prototyping,  desktop  manufacturing  and  micromachining)  may  require 
nontraditional  laser  sources,  the  most  representative  being  excimer.  diode  and  diode  pumped  solid  state  lasers. 

The  development  of  such  nontraditional  laser  sources  could  assure  a  better  matching  of  output  properties  of  the 
disposable  lasers  with  the  technological,  economic  and  environmental  factors  of  industiy*.  More  powerful,  smaller,  better 
performing,  more  efficient,  more  cost  effective  and  more  user-friendly  lasers  now  compete  directly  in  new'  materials-related 
processes. 

It  appears  that  lasers  for  material  processing  have  been  and  are  continuing  to  move  towards  a  today’s  ideal  laser 
source,  characterised  b\^^  a  high  power,  a  short  wavelength,  an  excellent  beam  quality,  a  good  optical  fiber  deliveiy’,  a  big 
enough  conversion  efficiency  and  a  cheep,  ecological  active  medium. 

In  this  context,  it  is  ver\^  important  to  underline  the  capability  of  mentioned  above  new'  laser  sources  to  run  at 
shorter  wavelength  (predominant  under  1  |im)  and  to  allow  ,  by  this  way,  a  higher  spatial  resolution  of  laser  beam-target 
interaction.  This  capability,  associated  with  the  high  resolution  of  nowadays  imaging  sj^stems  and  precision  motion-control 
devices  make  possible  relatively  easy  acces  to  micromanufacturing  feature  sizes  in  the  1...  100  pm  range  and  even  under 
1  pm  (such  feature  sizes  are  typically,  b\'  exemple,  to  high  density  ICs  manufacturing). 


3*  CONCLUSION 

The  selection  of  a  suitable  laser  source  must  be  carefully  matched  with: 

-  the  laser  source  adaptability  to  the  real  needs  of  processing  technology,  ^thetically  expressed  by  an 
optimum  laser  beam  power/quality  rate; 

-  the  laser  source  capability^  to  achieve,  for  a  given  laser  power/quality  rate  and  by  its  own  intrinsic 
characteristics  (lasing  medium,  wavelength,  spatial  and  temporal  modes  etc  ),  the  best  irradiation  technology  for  a 
considered  specific  application; 
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-  the  laser  source  parameters  stability,  the  most  important  condition  for  the  technological  effects 

reproductibility; 

-  the  investment  and  the  running  costs  of  laser  source  itself  and  of  the  laser  technological  i^^stem, 
incorporating  the  chosen  laser  source. 

Mentioned  above  criteria  for  the  choice  of  a  particular  laser  source  are  extremely  restrictive.  A  detailed  analysis  of 
the  actually  state  in  this  field,  prove  the  today’s  very  limited  number  of  disposable  technological  laser  types.  At  same  time,  a 
such  analysis  shows  potential  significative  mutations  in  the  scientific  and  commercial  offer  of  new  technological  lasers. 
These  mutations  could  have  a  favorable  impact  on  laser  processing  applications  future  development. 
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ABSTRACT 

NiO  is  a  metal-deficient  p-type  semiconductor  with  surfece  defects  which  are  correlated  with  the  non-stoichiometry.  The 
dissociative  adsorption  on  the  NiO  surfece  takes  place  on  oxygen-excess  sites  (over  equilibrium).  The  H2  TPD  spectra 
vary  significantly  wift  calcination  temperature  (stoichiometry)  and  chemical  treatment.  UV  laser  radiation  enhances  H2 
adsorption  on  the  defective  surfaces  (non-stoichiometric)  as  compared  with  the  stoichiometric  ones,  even  chemically  treated. 

The  fourth  harmonic  (FH)  of  a  Q-switched  Nd:YAG  laser  is  used  for  the  NiO  samples  irradiation.  The  wavelength  of  the 
UV  laser  radiation  is  266nm,  under  tiie  band-gap  of  the  semiconductor. 

Keywords:  NiO,  nonstoichioractry,  surface  defects,  H2  adsorption,  UV  radiation,  Nd:YAG  laser. 

1.  INTRODUCTION 

In  the  fixture,  the  requirements  of  reducing  fixe  greenhouse  effect  could  be  met  by  a  technology  based  upon  the 
photocatalytic  hydrogenation  of  COj  on  semiconductor  oxides.  The  effectiveness  of  the  reaction  at  room  temperature,  is 
increased  by  UV  irradiation  of  the  ca^yst  surface 

The  degree  of  non-stoichiometry  of  NiO  is  an  important  factor  in  controlling  its  adsorptive  and  catalytic  properties.  NiO 
is  a  metal-deficient  p-type  semiconductor  with  cation  vacancies  and  electron  holes  as  the  primary  lattice  point  defects  which 
are  conelated  with  the  non-stoichiometry^"^.  The  pretreatment  of  the  oxide  (thermal  and  chemical)  induces  differences  in  the 
stoichiometry  and  surface  perfection. 

The  purpose  of  this  study  is  to  reveal  the  effect  of  UV  laser  radiation  on  the  defects  at  the  semiconductor  oxide  surface, 
as  reflected  by  changes  in  the  TPD  spectra  following  the  adsorption  of  H2  molecules.  This  way,  the  H2  TPD  spectra  are  a 
relevant  tool  of  investigation  of  the  different  types  of  NiO  defects. 

2,  EXPERIMENTAL 

NiO  samples  and  chemically  treated  NiO  samples,  calcinated  at  different  temperatures  have  been  studied.  The 
preparation  condition  and  the  characteristics  of  the  samples  are  given  in  the  Table.  1 . 


Table  1.  The  preparation  conditions  and  samples  characteristics 


Sample 

Preparation  conditions 

Characteristics  | 

precursor 

calcination 

temperature 

(®C) 

calcination 

duration 

(h) 

Crystallite  size 
CTEM) 

(ran) 

BET  surface 

(m2/g) 

NiO^^rt 

Ni(OH), 

450 

6 

30 

38.4 

NiOonn 

900 

6 

299 

0.96 

NiOi^nn 

NiQonft 

1200 

6 

700 

0.15 

NiOonn 

900 

6  i 

294 

1.14 

NiOj^nn 

_ _ ! 

1200 

6 

--700 

0.19 

*  chemica 

lly  treated  sample 
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The  chemical  treatment  consisted  in  IN  HNO3  washing  at  60®C,  for  25,5h,  for  the  NiO^op  sample,  and  50h  for  die 
NiOj2oo  saitiple,  respectively.  After  the  washing,  the  samples  were  dried  at  120®C,  for  4h  and  subsequently  calcinated  at 
400®C,  in  air,  for  Ih.  By  chemical  washing,  2,3  x  IQ-'^moles  Ni/lg  NiO^oo  are  dissolved,  in  the  case  of  NiO^op  sample  and 
0,32  X  10*^moles  Ni/lg  NiOj2oo  ^  ^  of  NiO^200  sample,  respectively. 

The  experimental  methods  used  in  this  work:  Transmission  Electron  Microscopy  (JEM),  Brunauer-Emmett-Teller 
method  (BET),  Temperature  Programmed  Desorption  (TPD),  Temperature  Programmed  Reduction  (JPR)  have  been 
described  previously^®.  UV  irradiation  of  the  samples  was  performed  with  the  fourth  harmonic  of  a  Q-switched  Nd:YAG 
laser,  operating  in  oscillator-ampHficator  configuration.  The  laser  oscillator  with  dynamic  stable  resonator  is  elcctroopticaly 
Q-switched  by  a  longitudinal  electrooptic  modulator.  The  SHG  is  obtained  with  a  KTP  II  crystal.  The  fourth  harmonic 
(266nm)  is  obtained  with  a  27mm  long  ADP  I  quadrupler  .  The  4H  beam  is  separated  firom  the  fundamental  and  SH  beams 
with  two  fused  silica  prism  transparent  in  UV  range.  The  UV  laser  beam,  passing  a  quartz  beam  splitter  and  a  divergent 
quartz  lens,  is  deflected  by  a  silver  mirror  on  the  quartz  cell  containing  the  semiconductor  sample.  This  is  the  same  quartz 
cell  used  for  the  adsorption-desorption  experiments.  For  irradiation  uniformity,  the  sample,  in  powder  form,  was  stined  after 
a  number  of  laser  pulses  and  rearranged  to  fit  ftie  same  area.  The  irradiated  area  is  marked  by  a  rectangular  diaphragm 
centred  on  the  laser  beam.  The  beam  deflected  by  the  beam-splitter  is  registered  with  a  calibrated  pyroelectnc  detector  in 
order  to  count  the  irradiated  energy  on  the  sample  surface.  Ihe  overall  energy  on  the  cell  surface  is  about  500mJ,  the  same 
for  every  sample,  accumulated  fi:om  the  laser  pulse  train.  The  UV  laser  wavelength  is  under  the  band  gap  of  the  material 
(3,8eV). 

3.RESULTS  AND  DISCUSSION 

The  TEM  imgges  of  some  NiO  samples  are  presented  in  fig.  1.  The  corresponding  electron  diffraction  patterns  are  given 
in  the  insets.  For  the  ^0^30  sample,  it  shows  the  characteristic  ring  of  a  face  centred  cubic  structure  (fig.  la).  The 
dimensions  of  the  Ni045Q  particles  are  very  small,  30nm  on  average,  giving  rise  to  a  very  large  access  surface  for  the 
adsorbed  gases,  namely  38,4  m^/g,  as  measured  by  BET.  The  TEM  images  of  the  NIO^qq  samples  (untreated  and  chemically 
treated),  in  the  ^.Ib  and  Ic  reveal  the  presence  of  the  crystallites  which  are  10  times  larger  than  those  of  the  NiO430 
sample.  This  fact  corresponds  to  the  reduction  of  the  BET  surfaces,  as  compared  to  Ni043Q  sample.  But,  the  number  of  flie 
crystallinity  defects  is  increased  by  the  chemical  treatment  and  also,  an  increase  of  the  BET  surftice  is  noticed  for  the  NiO^QQ 
and  NiOj2oo  chemically  treated  samples  (Tablel). 


b 


c 


Fig.l  TEM  images  and  electron  diffraction  patterns  (inset)  for  the  NiO  samples:  (a)  Ni045(); 

(b)  Ni09QQ  untreated;  (c)  Ni09QQ  chemically  treated. 

The  H2  adsorption  on  NiO  samples  has  been  performed  as  mentioned  in  the  reference  10.  The  desorption  spectra  after 
H2  exposure,  from  room  temperature  to  450*^0,  for  Ni043Q ,  and  from  room  temperature  to  700^0,  for  NIO^qq  and  NiOj2oo 
are  given  in  figs.  2  and  3.  The  TPD  spectra  of  the  Ni045Q  samples,  both  non-irradiated  and  irradiated,  exhibit  four  very  well 
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resolved  peaks,  MV,  with  maxima  located  at  120°C,  210®C,  300°C  and  380^^0  (fig.  2a,  b).  The  UV  radiation  enhances  the 
intensity  of  the  peaks  II  and  III  by  ^  100%,  but  has  no  influence  on  peaks  I  and  IV.  A  three  peaks  structure  spectra  are 
obtained  for  the  samples,  untreated  (fig.2c)  and  chemically  treated  (fig.  2d),  with  maxima  at  120°C,  250-275°C  and 
450®C.  The  desorption  amounts  are  about  two  times  larger  for  the  chemically  treated  NiO^Q^  sample,  in  the  second  and  third 
peaks,  than  for  the  untreated  sample.  The  TPD  spectra  of  the  NiOj2oo  samples,  untreated  and  treated,  show  no  peaks  in  the 
temperature  domain  0-400°C.  One  important  peak,  at  450°C  is  obtained  for  both  samples,  slightly  increased  for  the 
chemically  treated  one.  The  UV  radiation  has  no  influence  on  the  TPD  spectra  obtained  after  room  temperature  H2 
adsorption  on  these  samples  (fig.  2c,  d). 


Fig.2  TPD  spectra  after  room  temperature  H2  adsorption  on  the  NiO  samples:  (a)  NiO450,  non-irradiated;  (b)  Ni045Q 
sample,  irradiated;  (c)Ni09()o  sample,  untreated;  (d)  Ni09QQ  sample,  chemically  treated;  (e)NiOi200  sample, 

untreated;  (f)  NiO  j  200  sample,  chemically  treated. 

A  second  room  temperature  H2  adsorption  is  performed  on  all  the  mentioned  samples,  in  the  same  conditions,  after 
cooling  to  room  temperature,  with  no  laser  irradiation  (fig.  3).  A  general  characteristic  of  the  resulted  TPD  spectra  is  the 
reduction  of  the  peaks  intensities  and  the  disappearance  of  the  200®C  peak.  In  the  resulting  TPD  spectra  of  the  NiO^^Q 
sample,  only  peaks  I  and  III  are  present,  but  diminished  by  a  fector  of  ~10.  Also,  peak  III  for  the  previously  irradiated 
sample,  is  still  higher  than  the  peak  III  for  the  non-irradiated  NiO^jo  sample.  The  450  peak  in  the  TPD  spectra  of  NiO^Q^  and 
NiOi2oo  samples  diminishes  by  a  factor  of  ~2  for  the  chemically  treated  sample  (fig.  3d,  e),  and  the  250®C  peak  is  practically 
absent  in  the  TPD  spectrum  of  the  NiO^^Q  treated  sample  (fig.  3d). 
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Additional  experiments  were  carried  out  on  a  non-irradiated  NiO^^Q  fresh  sample.  The  sample  is  Temperature 
Programmed  Degassed  (TPDeg)  in  vacuum,  from  room  temperature  to  450^C,  and  a  four  peaks  spectrum  is  obtained  (not 
shown),  with  maxima  at  lOO^C,  210^C,  300®C  and  365^C.  TTie  subsequent  TPDegassings  reveal  the  complete 
disappearance  of  the  lOO^C  and  210^C  peaks  and  the  presence  of  the  300®C  peak,  which  diminishes  more  and  more,  after 
each  TPDegassing.  The  H2  consumption  ratio  obtained  from  the  TPR  data  for  NiO^qg  chemically  treated  and  NiO^gg 
untreated  samples  is  1,08.  TTie  TPR  experiments  have  been  carried  out  on  dehydroxylated  surfeces. 


Fig.3  TPD  spectra  after  the  second  room  temperature  H2  adsorption  on  the  NiO  samples:  (a)  Ni045Q  sample,  non-irradiated 
previously;  (b)  Ni045Q  sample,  irradiated  previously;  (c)  NiOpQQ  sample,  untreated;  (d)  NiOpQQ  sample,  chemically  treated; 
(e)  NiOi200  untreated;  (0  NiOj200  chemically  treated. 

Oxides  surfrices  are  generally  hydroxylated  to  varyii^  degrees,  even  for  the  oxides  calcinated  over  lOOO^G,  due  to  the 
dissociative  adsorption  of  ambient  Upon  heating  in  vacuum,  the  oxides  typically  dehydroxilate  over  a  range  of 

temperatures  as  a  function  of  site  heterogeneity  and  ftie  relative  proximity  of  adjacent  hydroxyl  groups.  Smart  and  Roberts^^ 
consider  that  hydroxylation  of  sur&ce  oxide  ions  occurs  at  defect  sites  (e.g.  sites  with  less  than  five-fold  coordination)  and 
that  the  dehydroxylation,  after  heating  the  oxide  in  vacuum,  leaves  0“  species  and  Ni  vacancies  at  the  surface.  The 
concentration  of  such  sites  is  greatly  increased  from  the  NiO  calcinated  at  high  temperatures  sur&ces  to  those  calcinated  at 
lower  temperatures.  Langell  and  Nassir^^,  in  their  X-ray  Photoelectron  Spectroscopy  (XPS)  study,  attribute  the 
hydroxylation  of  the  NiO  surfece  to  hydroxyls  adsorbed  at  regular  surface  Ni^'*'  lattice  sites.  The  dehydroxylation,  as 
evidenced  by  the  substantial  decrease  of  the  hydroxyl  Ols  peak  (531,2eV)  in  the  XPS  spectrum,  is  almost  completed  until 
330®C.  The  oxide  peak  (529, 4eV)  also  decreases  in  intensity  as  the  substrate  is  heated,  writh  the  effect  being  most 
pronounced  for  substrate  temperature  330°C.  However,  the  hydroxyl  peak  decreases  in  intensity  more  rapidly  than  does 
the  oxide  peak  as  the  substmte  is  heated  to  higher  temperatures.  Cooling  the  sur&ce  to  room  temperature  does  not 
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regenerate  the  531,2eV  hydroxyl  peak  and  only  causes  a  slight  increase  of  the  529,4eV  NiO  lattice  ox>"gen  peak.  Thus,  the 
decrease  in  O  Is  intensity  represents  a  permanent  loss  in  near-surface  oxygen. 

The  behaviour  of  peak  II  in  the  TPD  spectra  (fig.  2a,  b)  and  in  the  TPDeg  (as  described)  of  the  NiO^^Q  sample  is 
consistent  with  these  results.  The  H2  adsorption  on  the  corresponding  surface  sites  is  strongly  influenced  by  UV  radiation, 
but  completely  disappears  in  the  second  TPD  run  (fig,  3a).  It  is  possible  that  this  species,  as  indicated  by  the  High  Resolution 
Electron  Loss  Spectroscopy  (HREELS),  possesses  substantial  ionic  character  and  is  singly  coordinated  to  a  Ni^"*"  surface  site 
and  it  is  primarily  in  an  atop,  non-hydrogen  bonding  configuration^^.  It  looks  like  this  OH  adsorption  confers  to  the  Ni^'*’ 
sites,  on  the  nonstoichiometric  Ni043Q  surface,  some  Ni^'*'  character  and  that  explains  the  enhancement  of  H2  adsorption 
under  UV  irradiation. 

The  peak  III  in  the  TPD  spectra  of  NiO^^^  sample  (fig.  2b)  ,  which  also  shows  an  important  increase  due  to  UV 
irradiation,  is  still  present  in  the  second  TPD  spectrum  (fig.  3b),  indicating  a  remanent  effect  of  UV  irradiation.  Its  intensity 
decreases  in  the  subsequent  TPDegassings  and  we  believe  that  it  is  correlated  with  the  presence  of  the  j  0\  Ni^"*^  I 
nonstoichiometry  defects  as  suggested  by  previous  results^®'^^.  The  nature  of  the  peak  IV,  considered  to  be  due  to  the 
leaving  of  residual  OH  upon  heating ,  and  that  of  Are  peak  I,  has  been  commented  elsewhere'®. 

The  TPD  spectra  of  the  higher  nonstoichiometry  samples,  NiO^Qg  and  NiOj2oo  5  (fig  2  and  3)  change  significantly  after 
the  chemical  treatment.  On  the  untreated  samples  the  H2  adsorption  leads  to  ttie  increase  of  stoichiometry'®.  Hydrogen 
adsorbs  on  the  surface  of  chemically  treated  samples  on  tiie  same  low-coordination  sites  (450^0  peak),  but  the  desorbed 
amounts  are  ~2  times  higher.  The  presence  of  a  second  peak  at  some  lower  temperature  for  the  chemically  treated  NiO^gg 
sample  than  for  the  untreated  one  (fig.2c,  d)  is  due  to  the  presence  of  a  small  amount  of  Ni04og  as  a  result  of  calcination  at 
400^C,  after  chemical  attack.  This  Ni04gg  is  in  a  too  small  amount  in  the  sample  NiOjjoo  luanifest  itself  in  the  TPD 
spectrum.  The  increase  of  the  desorbed  amount  in  the  450®C  peak  ,  for  both  chemicafiy  treated  samples,  NiO^gg  and 
NiOj2oo>  fi^f  suggests  that  more  low-coordination  sites  exist  on  the  surface,  which  are  revealed  and  even 

created  by  the  chemical  attack,  producing  more  crystallinity  defects.  The  Hj  adsorption  on  these  sites  is  not  affected  by  UV 
irradiation.  This  fact  is  in  accordance  with  the  TEM  results  (fig.  lb,  c),  BET  data  (tab.  1)  and  H2  consiunption  fi-om  TPR  data. 
The  ratio  of  the  450^C  peak  intensities  for  NiO^gg  chemically  treated  sample  and  the  untreated  one  (fig.  2  d,  c)  is  higher  than 
the  corresponding  BET  surfeces  ratio,  because  Aic  chemical  attack  docs  not  create  a  number  of  low-coordination  sites 
proportionally  with  their  surfece  increase.  The  dissolved  Ni  amounts  and  the  duration  of  the  chemical  attack  are  in 
accordance  with  the  results  of  Jones  and  all.'^  and  shows  that  the  phenomenon  is  more  accelerated  for  the  Ni09Qo  sample 
than  for  the  NiOjjoo  sample.  It  proves  that ,  on  the  NiO^gg  sample  siuface  the  number  of  low-coordination  are  hi^er  than 
on  the  surface  of  Ni022oo  sample.  This  fact  is  in  agreement  with  the  TPD  results  (450®C  peaks  in  fig.  2d,  j^. 

The  defective  NiO  surfaces  are  active  surfaces  for  gases  adsorption  and  chemical  reactions.UV  radiation  is  an  effective 
factor  in  discerning  between  the  two  types  of  defects  of  NiO  samples:  nonstoichiometry  (over  equilibrium)  surface  defects 
and  crystallinity  defects.  UV  irradiation  strongly  enhances  the  H2  adsorption  on  the  nonstoichiometry  (over  equilibrium) 
surface  defects,  but  does  not  influence  the  crystallinity  defects  (low-coordination  sites). 
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ABSTRACT 

In  this  communication  we  present  the  results  of  computational  modelling  of  molecular  units  as  As^Sn  registered  by  mass 
spectrometry  in  the  As2S3:Snx  glasses  before  and  after  laser  illumination.  Using  HyperChem  Computational  Chemistry 
program  we  obtained  3D  structures,  with  global  minimum  energy  conformation  for  following  molecules  :  As^  (3.47);  Sg 
(4.44);  As„S3  (11.87);  AsjS,  (14.36);  AS2S4  (17.62);  AS2S6  (19.11);  AS4S4  (21.88);  AS4S5  (24.98);  AS2S3  (25.81);  AS4S6 
(43.13). 

The  model  of  the  As2S3;Sno.i  glasses,  using  200  As  atoms,  300  S  atoms  and  10  Sn  atoms  for  computational 
modeling, is  presented  too.  Such  model  shows  that  a  tin  atom  may  be  bonded  in  two  ways;  when  the  tin  atom  are  common 
for  two  rings  with  12  atoms  and  when  the  tin  atom  are  bonded  between  the  layer  of  the  glassy  network.  When  the  tin  atom 
are  insert  in  the  network  rings  for  12  atoms  the  structural  model  shows  the  more  compact  packing  of  the  atoms. 

Keywords:  chalcogenide  glasses,  clusters,  doping,  mass  spectrometry,  modelling,  structure,  thin  films. 


1.  INTRODUCTION 

The  interaction  of  radiation  with  vitreous  materials  leads  to  irreversible  and  rev'ersible  changes  of  atomic  and 
electronic  structures.  These  changes  in  their  term  manifest  themselves  in  the  experiment  through  changes  of  tlteir 
mechanical,  thermal,  optical,  photoelectrical  and  other  characteristics.  Under  the  radiation  the  structure  of  vitreous 
materials  changes,  new  defects  appear,  film  crystallization  or  amorphization  take  place,  phase  transition  or  transition  from 
one  unstable  state  to  another  unstable  state  are  observed’ . 

In  this  paper  we  suggest  that  a  study  of  the  composition  of  condensed  molecules  by  means  of  mass  spectrometry  may 
yield  complementary  information  helpful  in  building  structural  models  of  chalcogenide  glasses  and  explaining  the 
mechanism  of  the  photostructural  changes  in  the  vitreous  semiconductors^^. 

2.  EXPERIMENTAL 

The  alloys  of  high  purity  As,  S,  Se  and  Sn  components  were  synthesised.  Thin  films  were  obtained  by  thermal  deposition 
in  a  vacuum  on  the  preliminary  cleaned  glass  substrates  and  capillaries. 

The  measurements  were  made  using  the  MX  1320  mass  spectrometer  at  ionizing  electron  energy  V=70  eV  and 
vaporization  at  about  453K. 

The  mass  spectra  of  bulk  material  and  thin  films  is  investigated,  respectively,  with  fine  grained  samples  of  the  initial 
alloys  and  the  above  mentioned  capillaries,  which  were  placed  into  vaporizer.  For  the  illumination  the  Ar-  laser  ( X,  =514 
nm)  was  used. 

Using  HyperChem  Computational  Chemistry  program  were  built  the  sketch  of  the  molecules  and  for  3D  representation 
of  the  molecules  measured  Bond  Distances,  Bond  Angles,  Torsion  Angles  and  Nonbonded  Distances.  Performing  a  Single 
Point  Calculation  we  obtained  the  total  oio-gy  of  the  molecule  configurations  and  the  rootmean-square  (RMS)  gradient  of 
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the  current  configuration  of  atoms.  By  performing  a  molecular  mechanics  optimization,  using  Polak-Ribiere  minimization 
algorithm  we  obtain  3D  structures  of  the  molecules  with  global  minimum  energy  conformation'*. 


3.  RESULTS 


More  stability  forms  we  obtained  for  the  following  molecules  : 


AS4  Sg  AS2S3  AS2S4  AS2S5  AS2S6 


AS4S3 


AS4S4  AS4S5  AS4S6 


Table  1  gives  the  results  of  the  mass  spectrometric  analysis  of  vaporization  from  thin  films  of  As2S3:Snx  for  x=0.  l,before 
and  after  Ar-laser  radiation  and  the  parameters  of  the  molecules  such  as  maximum  distances  from  the  atoms,  bond  angles 
and  the  minimum  of  the  potential  energy  of  the  molecules. 

The  identification  of  the  species  is  made  according  to  the  relative  abundance  of  the  sulphur  isotopes  they  contain.  The 
intensity  of  peaks  were  measured  with  an  error  of  -- 10  %. 

Table  1 


Molecule 

m/z 

I 

1 

Distance  from 

D(A) 

Angle 

(|)  max 

Energy 

Before 

After 

atoms 

Kcal/mol 

AS4 

300 

4.5 

24.0 

As-As-As-As 

2.40 

As-As-As 

60.03 

3.47 

Sg 

256 

- 

33.0 

s-s-s-s 

4.29 

S-S-S 

103.51 

4.44 

AS2S3 

246 

18.0 

- 

S-As-S 

3.01 

S-As-S 

83.92 

25.81 

As-S-As 

79.96 

AS2S4 

278 

26.0 

- 

S«As-S-S 

3.60 

S-As-S 

107.12 

17,62 

As-S-As 

97.69 

As-S-S 

82.30 

AS2S5 

310 

7.5 

S-As-S-S 

4.42 

S-As-S 

107.93 

14.36 

As-S-As 

84.35 

As-S-S 

95.97 

AS2S6 

342 

- 

3.0 

S-As-S-S 

4.24 

S-As-S 

136.48 

19.11 

As-S-S 

97,59 

AS4S3 

396 

10.5 

42.0 

S-As-As-S 

3.81 

S-As-S 

125.28 

11.87 

As-S-As 

93.01 

As-As-S 

110.52 

AS4S4 

428 

33.0 

21.0 

S-As-As-S 

4.78 

S-As-S 

99.47 

21.88 

As-S-As 

91.21 

As-As-S 

108.52 

AS4S5 

460 

21.0 

1.0 

S-As-As-S 

4.99 

S-As-S 

138,37 

24.98 

As-S-As 

95.25 

As-As-S 

107.57 

AS4S6 

492 

- 

S-As-S-As-S 

5.23 

S-As-S 

137.32 

43.13 

As-S-As 

99.09 

SnS 

152 

- 

2 

SnS2 

184 

2 

- 
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The  following  results  are  deduced  from  table  1: 

1.  The  fragments  of  the  form  [A^Sn]"^  for  the  samples  before  illumination  differ  from  the  same  after  illumination. 

2.  After  illumination  increased  the  intensities  of  the  peaks,  corresponding  to  the  fragments  A^n"^; 

3.  Before  illumination  are  registered  the  fragments  of  the  form  Sn5>^ 

4.  After  illumination  didn’t  registered  the  fragments  SnS2‘^  but  arc  registered  the  fragments  of  the  forms  SnS^ 

5.  The  bond  distances  and  the  bond  angles  are  in  correlation  with  experiments^'^. 

6.  The  minimum  of  the  potential  energy  of  the  molecules  are  in  correlation  with  the  mass  spectrometry  data. 

The  big  molecules  as  As2nS3n  were  built  and  calculated. 


AS6S9  AsgS]  2  Asi  oSi  5  Asi  2S1 8 


AS14S21  AS]6S24  AS18S27  AS20S30 

The  structure  of  such  molecules  contains  the  rings  of  8  and  6  atoms  with  the  angle  atoms  S-As-S  1180  and  As-S-As 
1080  .  The  maximum  distance  from  the  atoms  is  6  A  for  As  6S9.  It  is  know  that  the  molecule  AS6S9  was  registered 
experimentalyby  mass  spectrometr/. 


4.  DISCUSSION 

The  model  of  the  glassy  network  for  As2S3:Sno.i  was  built  taking  into  a  count  that  the  tin  atom  is  four  coordinated 
and  is  bonded  only  with  the  chalcogenide  atoms  Sn-S.  Modeling  shows  that  tin  atoms  are  included  in  the  glasses  network 
in  the  following  modes: 


Before 

illumination 


after 

illumination 


As  16S24  SnS2  (lY) 


As  16S24  SnS  (II) 


Such  clusters  are  formed  when  the  alloyes  contain  about  2%  of  tin  atoms. 
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As  12S18  S11S2  C^V)  As  12S18  SnS  (II) 

Such  clusters  are  formed  when  the  alloyes  contain  about  3P^  of  tin  atoms. 


The  distance  from  tin  atoms  is  maximum  16  A  for  As2S3;Sno.i  for  network.  Bond  distances  in  this  model  are 
respectively:  Sn-S  2.43  A;  As-S  2.22  A  Bond  angles  are  respectively :  S-Sn-S  110.  Such  model  shows  that  a  tin  atom  may 
be  bonded  in  two  ways:  whqi  the  tin  atom  are  common  for  two  rings  with  12  atoms  and  when  the  tin  atom  are  bonded 
between  the  layer  of  the  glassy  network.  When  the  tin  atom  are  insert  in  the  network  rings  for  12  atoms  the  structural  model 
shows  the  more  compact  packing  of  the  atoms. 

That  behaviour  may  be  connected  with  the  peculiarities  of  the  structure  of  the  As-S  and  As-S-Sn  thin  films.  So,  as 
a  result  of  photostructural  transformation  under  illumination  the  tin  doping  change  their  valence  from  IV  to  II.  In  the  same 
way  the  illumination  change  the  coordination  number  of  tin  and  that  make  the  structure  of  the  doped  thin  films  more  stable. 
That  permit  us  to  conclude  that  the  As-S-Sn  alloys  are  more  perspective  for  holographic  and  optical  recording  than  the 
chalcogenide  glass  alloys  without  tin. 


5.  CONCLUSIONS 

Thus,  we  conclude  that  as  a  result  of  laser  radiation  of  chalcogenide  glasses,  the  photostructural  changes  take  place 
at  the  molecules  and  clusters  level.  The  molecules  transformations  are  responsible  for  the  irreversible  photostructural 
changes  and  the  clusters  transformations  are  responsible  for  the  reversible  photostructural  changes. 
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ABSTRACT 

Arrhenius  plots  and  current-voltage  characteristics  were  studied  for  natural  quartz  samples,  in  different  conditions  of 
air-sweeping  time,  of  temperature,  of  electrodes  (with  or  without  any  source  of  positive  ions).  Some  observations  about  the 
influence  of  the  ionic  space  charge  limited  current  are  made.  Some  (fependencies  of  ionic  current  versus  voltage  were  found. 

1.  INTRODUCTION 

Transport  phenomena  in  electric  field  for  quartz  crystals  are  strongly  related  to  the  punctual  defects  from  the  lattice, 
specially  the  Al^^  substitutional  for  Si^"*"  and  the  corresponding  monovalent  ion  compensators  (Li^,  Na"*",  H^)  but  also  to 
the  channels  present  in  the  structure  parallel  with  its  optical  axis^. 

Studies  of  conductivity  as  a  fimction  of  temperature,  electric  field,  crystallographic  orientation  and  time  tried  to 
explain  the  transport  mechanism^.  Due  to  the  great  number  of  unknown  parameters  as:  other  point  defects,  the  strong 
dependence  on  time,  the  influence  of  the  electrodes*  material,  a  general  theory  was  not  presented  yet. 

Four  components  of  the  direct  current  have  been  suggested  to  contribute  to  the  electric  conductivity  of  quartz 
crystals^: 

a)  the  normal  dielectric  charging  current 

b)  the  anomalous  charging  current 

c)  the  surge  current 

d)  the  steady  direct  current. 

a)  The  normal  dielectric  charging  current  (displacement  current)  is  a  result  of  the  capacitor  formed  bv  the  electrodes. 
In  dc  measurements  this  mechanism  is  of  no  practical  importance  because  the  relaxation  time  is  of  10“^-10“^. 

b)  The  anomalous  charging  currents  are  small  currents  which  make  their  appearance  whenever  the  potential  is 
changed.  These  currents  have  a  relaxation  time  of  the  order  of  a  few  minutes  and  are  superposed  on  the  current  resulting 
from  other  modes  of  conduction. 

c)  The  surge  current  (impurity  transport  current)  is  the  one  which  constitutes  the  largest  part  of  the  total  current  for 
several  hundred  hours  after  applying  the  potential.  Upon  application  of  a  potential,  for  the  first  time  at  any  given 
temperature,  current  rises  rapidy  to  a  maximum,  reaching  peak  values  in  less  than  three  minutes.  Thereafter,  current 
decreases  with  passage  of  time.  TTie  decrease  is  rapid  for  the  first  hour,  generally  to  one  percent  of  the  initial  peak  current. 

d)  The  steady  state  cunent,  the  fourth  part  of  the  current,  becomes  manifest  only  after  the  disaj^)earance  of  the  short 
term  effects.  It  is  attributed  to  electrolytic  dissociation  of  the  quartz. 

Interesting  for  the  applications  is  the  current  given  1^  the  movement  of  the  impurities  because  the  change  of  the 
monovalent  impurities,  using  the  possibility  of  transport  along  the  channels  parallel  to  the  optical  axis,  leads  to  an 
important  increase  in  the  quality  of  the  crystal  (commercially  employed  and  known  as  **qtiartz  sweeping**  process).  The 
study  of  this  type  of  currents  is  complicated  by  the  existence  of  the  space  charge  polarization.  This  was  observed  studying 
the  aipearance  of  an  anomalous  contrast  on  the  X-ray  topographies  when  an  electric  field  is  applied  on  the  quartz 
sample^>^. 

The  space  charge  pjolarization  was  also  observed  using  the  depx)larization  currents  and  thermally  stimulated 
dep>olarization  currents^»^.  C!Ialamiotou^  proved  that  the  blocking  activity  of  both  electrodes  appears  to  create  the  necessary 
sp>atial  field  inhomogenity  which  is  required  to  explain  throu^  piezoelectricity  the  reduction  in  extinction  observed 
X-ray  topography. 

In  the  present  popor  we  report  the  influence  of  spoce  charge  polarization  on  the  current-voltage  characteristics  for 
the  case  of  impurity  transport  current  for  natural  quartz  crystals. 
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2.  EXPERIMENTAL 


The  specimens  employed  were  natural  clear  quartz  from  Brazil,  Z-cut,  twin  free.  The  dimensions  of  the  samples  were 
15x15x2  mm^  and  the  surfaces  were  polished. 

There  were  measured  current-voltage  characteristics,  for  different  temperatures,  with  the  voltage  varying  between 
10-600V  and  the  temperature  range  250-500°C,  The  electrodes  used  were  made  of  graphite  with  the  surface  dimensions 
of  lx  1  cm^.  There  were  also  made  measurements  with  a  LiCl  layer  at  the  anode  as  a  source  of  Li“^  ions. 

The  current  voltage  characteristics  were  measured  for  different  air-sweeping  times  between  Ih  and  lOOh  in  the 
impurity  transport  time  region.  To  avoid  the  errors  caused  by  the  anomalous  polarization  currents,  there  was  a  time  interval 
of  a  few  minutes  after  every  change  of  the  applied  potential  before  recording  the  data. 

3.  RESULTS  AND  DISCUSSIONS 

In  figure  1  the  Arrhenius  plots  after  1  hour  of  air  electrodiffusion  are  presented  in  two  cases:  a)  using  a  positive  ions 
source  at  the  anode  (a  LiCl  layer)  and  b)  without  the  compensators  ion  source  for  different  applied  voltages.  The  activation 
energies  calculated  for  the  two  cases  are  equal  and  do  not  depend  on  the  applied  voltage,  their  value  being  1.  leV. 
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Figure  1.  Arrhenius  plots  of  a  quartz  sample  air-swept  for 
an  hour:  a)  with  a  LiCl  layer  as  a  source  of  Li“*"  ions  at  the 
anode  and  b)  without  any  source  of  positive  ions 


If  for  the  Arrhenius  plots  there  is  no  difference  between  the  two  cases:  with  or  without  positive  ions  source  at  the 
anode,  for  the  current-voltage  (I-V)  representations  the  situation  is  quite  different.  We  have  represented  in  figure  2  the  I-V 
characteristics  for  the  case  of  LiCl  layer  present  at  the  anode  (figure  2a)  and  for  the  case  in  which  the  LiCl  layer  it  is  not 
present  at  the  anode  (figure  2b  and  2c)  for  different  temperatures. 
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U(V) 


Figure  2.  Current-voltage  characteristics  after  Ih  sweeping  for  different  temperatures:  a)  with  LiCl  at  the  anode,  b)  without 
LiCi  at  the  anode  and  c)  the  data  from  b)  in  logarithmed  coordinates 


Figure  3.  The  dependence  of  a  as  a  function  of  temperature 

One  can  observe  that  the  characteristics  represented  in  figure  2a)  are  ohmic  and  in  the  second  case  (figure  2b)  the 
characteristics  are  no  longer  linear.  Representing  these  last  characteristics  in  logarithmic  coordinates  (figure  2c)  two  types 
of  dependencies  of  the  current  with  the  applied  voltage  are  observed:  for  voltages  under  350V,  the  current  density  and 
for  the  applied  voltage  higher  than  350V,  the  current  density  j-U^. 

The  dependency  of  a  as  a  function  of  temperature  is  represented  in  figure  3.  Fitting  the  data  from  figure  3  we  have 
obtained  a-l/t^^^. 

The  change  of  the  current-voltage  characteristics  shape  with  the  time  of  sweeping  for  a  sample  with  no  positive 
monovalent  ions  source  at  the  anode  is  presented  in  figure  4. 
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Figure  4.  The  change  of  the  current  voltage  characteristics  with  the  sweeping  time 

It  is  easy  to  observe  the  decrease  of  the  current  value  with  the  time  of  sweeping.  In  the  same  time  the  dependency  of  the 
intensity  with  the  applied  voltage  changes,  after  40  hours  of  sweeping  being  this  behavior  of  the  current  remains  the 

same  till  the  experiments’  end  (100  hours).  The  activation  energy  calculated  from  the  Arrhenius  increases  with  the  time  of 
sweeping,  reaching  1.5  eV  at  100  hours  sweeping. 
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Figure  5.  Arrhenius  plot  for  a  natural  quartz  sample  100  hours  air-swept 

Figure  5  represents  the  Arrhenius  plot  for  a  sample  swept  for  100  hours  without  source  at  the  anode  and 
measured  with  a  LiCl  layer  at  the  anode.  The  activation  energy  determined  from  the  slope  is  0.44eV,  being  equal  with  the 
migration  energy  of  the  Li"^  ion  along  the  structural  channels  determined  by  conductivity  measurements  made  on  irradiated 
samples  Nowick  and  Jain^. 

All  these  experimental  results  allow  us  to  made  the  following  observations: 

-  The  non  linearity  of  the  current  voltage  characteristics  in  the  case  of  air  sweeping  (without  other  monovalent 
positive  ions  source  at  the  anode,  excepting  the  hydrogen  from  the  atmosphere)  proves  the  existence  of  the  space  charge 
polarization  in  the  sample. 

-The  linearity  of  the  current  voltage  characteristics  in  the  case  of  a  monovalent  positive  ions  source  present  at  the 
anode  proves  that  the  space  charge  is  produced  the  tmassociated  Al^~^  ions  from  the  anode  region  (in  good  concordance 
with  the  X-ray  topographies  observations). 

-  The  evolution  of  the  current  voltage  characteristics  and  the  change  of  the  activation  energy  with  the  time  of 
sweeping  lead  us  to  make  the  following  hypothesis:  during  the  sweeping  the  type  of  the  charge  carriers  that  gives  the 
current  is  modified.  This  is  in  good  concordance  with  the  measurements  of  depolarization  currents  made  hy  now,  where  it 
was  proved  that  at  least  three  types  of  charge  carriers  are  present. 
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-The  fact  that  after  100  hours  of  air-sweeping  the  activation  energy  of  the  Li*^  ions  is  equal  with  the  migration  energy 
(the  term  of  the  dissociation  energy  of  the  pair  Al^'*^-Li"*'  disappears)  proves  that  the  major  part  of  the  charge  carriers  are  not 
produced  by  the  dissociation  reaction  Al^“‘“-Li‘^oAI^"‘"+Li^  but  by  carriers  injected  from  the  anode. 


4.CONCLUSIONS 


The  current  voltage  studies  at  different  temperatures  and  the  conductivity  measurements  made  with  or  without 
monovalent  ionic  sources  at  the  anode  permit  a  better  imderstanding  of  the  conduaion  mechanism  in  quartz  crystals. 

The  correlation  between  the  activation  energies  calculations  from  the  Arrhenius  representations  and  the 
dependencies  of  the  current  intensity  with  the  applied  field  intensity,  crystallographic  orientation  and  time  can  lead  to  a 
general  theoretical  model  for  the  charge  transport  phenomena  in  quartz  crystals. 
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ABSTRACT 

The  processes  involved  in  the  melting  and  solidification  of  powders  have  been  studied,  in  order  to 
obtain  3D  pieces.  The  experiments  have  been  performed  with  a  CW  Nd;YAG  laser,  but  the  Q-switched 
regime  has  been  also  used.  Measurements  about  compacting  rate  for  different  parameters  (scanning 
speed,  thickness  of  layer)  and  a  comparison  between  the  two  regimes  have  been  made. 

Keywords;  Nd:YAG  laser,  powder  compacting,  Q-switch,  sintering. 


1.  INTRODUCTION 

The  rapid  prototyping  represents  a  new  and  a  very  useful  technique,  with  a  large  field  of 
applications.  One  of  the  methods  of  this  technique  is  Selective  Laser  Sintering  (SLS).  With  this  method, 
using  a  laser  beam,  we  can  build  fi'om  metallic  or  nemetallic  powders,  3D  models  of  various  forms. 
Mainly,  the  process  consists  in  the  melting  and  the  compacting  of  successive  layers  of  powder  by 
scanning  a  laser  beam  over  the  powder  following  a  pre-established  contour,  until  the  model  is  completely 
build.  The  advantages  of  SLS  are  both  the  short  time  for  building  of  the  3D  pieces  and  the  posibility  to 
obtain  complex  forms  by  precise  control  of  the  laser  beam  moving  over  the  powder  bed.  Nevertheless,  the 
pieces  obtained  in  this  mode  have  not  a  high  density  and  a  very  good  mechanical  resistance.  Therefore, 
for  the  practical  use,  the  density  must  be  increased  by  infiltration  [1]. 

There  are  two  methods  for  compacting  the  powders  by  SLS:  the  direct  and  the  indirect  method. 
In  the  indirect  method,  the  powder  is  mixed  with  a  polymer;  during  the  interaction  with  the  laser  beam  the 
polymer  is  melted  and  the  particles  of  powder  will  be  linked  together.  The  direct  method  uses  the  laser 
beam  to  interact  directly  with  the  powder.  Depending  on  the  nature  of  the  powder,  we  can  distinguish  the 
case  of  multicomponent  powder,  when  the  component  with  the  lowest  melting  point  is  the  liant  which 
links  all  others  particles  and  the  case  of  unicomponent  powder. 

By  melting,  the  powder  particles  tend  to  link  together.  Due  to  superficially  forces  they  form  little 
spheres  whose  dimensions  depend  on  the  melted  powder  volume,  but  mainly  have  the  dimension  equal 
with  the  laser  beam  spot.  These  spheres  will  link  each  other  tangential  therefore  the  prototype  has  a 
porous  structure  (and  consequently  a  low  mechanical  resistance)  and  the  surface  has  a  frayed  aspect. 
Also,  due  to  nonhomogenous  heating  during  the  building  process  of  the  piece,  mechanical  strains  will 
occur  which  decrease  the  hardness  of  the  piece  [2]. 

In  order  to  obtain  a  high  density  prototype  it  is  necessary  that  the  powder  to  be  completely  melt, 
because,  in  this  case,  appear  a  significant  condensation  (compacting).  Compacting  of  powders  is  a  very 
complex  process  depending  of  many  parameters.  Some  parameters,  (like  dimension  of  powder  particles, 
the  kind  of  materi^,  the  debit  of  powder  delivered)  are  invariable  during  the  process,  while  other 
parameters  (like  laser  output  power,  diameter  of  laser  spot,  power  density,  scanning  velocity,  the  degree 
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of  surface  covering)  can  be  varied  and  controlled  during  the  process.  By  a  really  importance  is  the 
understanding  of  the  interdependence  of  all  these  parameters  and  the  behaviour  of  the  melting.  Also,  it  is 
necessary  to  isolate  the  working  zone  from  the  atmospheric  oxygen  that  can  cause  the  apparition  of  an 
oxide  layer  which  worse  the  compacting  process.  This  protection  is  usually  made  by  using  nitrogen  or 
argon. 

An  other  important  parameter  is  the  thickness  of  the  powder’s  layers.  By  decreasing  of  this 
thickness,  we  can  improve  the  quality  of  the  surface.  The  first  layer  is  decisive  for  the  building  of  entire 
piece.  This  layer  must  adhere  and  link  to  the  underlying  substrate,  otherwise,  due  to  the  instability  of  the 
first  layer,  the  particles  of  next  layers  are  spread.  Therefore,  we  must  adopt  a  special  regime  (power 
density,  scanning  speed)  for  the  first  layer  of  the  piece. 


2.  EXPERIMENTAL 

Experiments  were  performed  on  an  unicomponent  metallic  (Fe)  powder  with  average  radius  of 
200  pm  (60  pm  -  400  pm)  using  a  CW  pumped  Nd;YAG  laser.  SLS  was  obtained  both  in  CW  and 
acousto-optically  Q-switched  laser  regime  with  average  power  up  to  20  W.  General  schematics  of  the 
experimental  set-up  is  shown  in  figure  1 . 
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Fig.  1  The  experimaital  set-up 
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Figure  2  shows  the  work  housing  in  detail. 

In  our  experiments  we  used  a  low  speed  beam  deflections  in  order  to  build  a  3-D  form.  The 
scanning  speed  was  correlated  with  the  laser  power,  layer  thickness  and  focal  spot. 


3.  RESULTS  AND  DISCUSSION 

Experiments  were  performed  in  two  stages.  The  first  stage  was  dedicated  to  the  sintering  of  the 
first  powder  layer.  As  mentioned,  the  first  layer  is  partly  sintered  and  partly  allied  to  a  tin  cover  of  the 
substrate.  Studying  the  uniformity  of  the  successive  layer  the  spot  size  must  be  a  few  times  larger  than 
average  particle  size. 

Successive  layers'  thickness  was  an  important  parameter  from  two  reasons;  first  of  all,  a  thick 
layer  would  not  allow  the  heat  to  penetrate  till  the  underlying  layer  so  the  joint  between  layers  will  be 
poor.  A  simple  energy  conservation  law  shows  that  there  must  be  a  correlation  between  scanning  speed 
and  the  thickness  desired.  So  if  the  power  was  maintained  constant  and  the  layer  thickness  increased  there 
had  to  be  a  decrease  of  scanning  speed  because  the  energy  per  unit-time  must  be  larger.  From  this  point 
of  view  a  simple  condition  that  dictates  the  scanning  speed  can  be  founded. 
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where  At  represents  the  irradiation  time,  V*  is  the  scanning  speed  imder  x  direction,  Piaser  is  the  average 
laser  power,  dspot  is  the  spot  diameter  on  the  work  piece  and  Ah-is  the  thickness  of  the  layer. 

The  threshold  condition  of  SLS  is  that  the  interactions  time  should  be  long  enough  enough  (At)  to 
allow  the  melting  front  to  penetrate  to  the  underlying  compacted  powder  bad.  The  constant  above 
depends  on  the  thermal  properties  and  the  geometry  of  material.  However,  equations  3  shows  that 
because  of  layer  thickness  the  speed  of  the  process  is  limited  high. 

First  experiments  were  performed  in  order  to  determine  the  SLS  approximate  process  parameters. 
The  optimum  thickness  of  the  successive  layers  Ah  was  establish  at  200  pm  (the  average  radius  of 
powder  particles).  For  the  scanning  speed  we  studied  both  CW  regime  and  Q-switched  regime.  At  the 
same  length  of  the  piece  (1),  the  resolution  on  X-axis  R(x)  (the  number  of  stops  which  covers  the  entire 
length  on  X  direction)  has  been  varied.  Therefore,  using  simple  relations,  we  can  estimate  the  scanning 
speed  on  X-axis,  Vx: 


/•/. 


Stop 


R{x) 

1‘frep 

R{x)  •  Npi^iQp 


for  CW  regime 

for  Q-switched  regime 


(4) 

(5) 


where  fstop  is  the  frequency  of  stops  in  CW  regime  (we  divided  the  CW  regime  in  discrete  intervals  and  so 
we  estimated  an  average  scanning  speed),  is  the  frequency  of  stops  in  Q-switched  regime  and  Np/stop  is 
the-number  of  pulses  at  each  stop. 

In  CW  regime  we  obtained  the  best  resuks  for  a  scanning  speed  of  3.3  mm/s  (fstop.=30  Hz, 
R(x)=100).  For  Q-switched  regime  the  compactation  was  obtain  vdth  discrete  X-axe  deplacement  (frep=3 
kHz)  using  10^  laser  pulses  at  each  stop.  In  Q-swhched  regime,  with  a  0.33  mm/s  speed  (ten  times 
slower)  we  obtained  similar  results.  These  resuhs  consist  in  a  compacting  degree  (the  ratio  between  the 
density  of  compacted  piece  and  the  density  of  the  metallic  powder)  up  to  90%. 

Pictures  of  upper  surfeces  of  compacted  slabs  are  shovm  in  figure  3. 


Fig.  3  The  structure  of  upper  surfaces  of  compacted  slabs  (a).  Figure  (b)  presents  a  detail 
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4.  CONCLUSIONS 

Our  experiments  proved  that  the  compacting  of  powder  is  a  very  efficiently  method  for  realise  in  a 
short  time  3-D  pieces  with  various  and  complex  forms. 

Experimental  results  proved  that  iron  powder  can  be  efficiently  compacted  with  Nd'.YAG  laser  in 
both  CW  or  Q-switched  operation  modes.  It  was  shown  that  the  compacting  speed  must  be  correlated 
with  laser  intensity  and  thickness  of  the  successive  powder  layers  in  order  to  obtain  a  good  compacting  in 
both  vertical  and  horizontal  directions.  With  an  CW  average  power  of  20  W  the  iron  powder  was 
compacted  at  a  rate  of  15.6  mm^’/min. 
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ABSTRACT 

Thin  films  of  hydroxyapatite  (HAp)  have  been  grown  on  Si,  quartz,  Ti,  and  Ge  substrates  by  the  pulsed  laser  deposition 
(PLD)  method  employing  a  KrF  excimer  laser  (wavelength  ^248  nm,  pulsed  duration  TpwHM=20  ns).  The  influence  of 
the  laser  deposition  parameters  on  the  properties  of  the  grown  layers  was  investigated  in  order  to  optimise  the  Ca/P  ratio  and 
the  crystalline  structure.  It  was  found  that  the  optimum  conditions  for  preserving  the  Ca/P  ratio  i.e.  high  oxygen  pressures 
and  low  substrate  temperatures  do  not  coincide  with  those  for  obtaining  adherent  and  crystalline  layers  i.e,  low  oxygen 
pressures  and  high  substrate  temperatures.  For  films  deposited  onto  Ti  substrates  it  was  also  found  that  high  substrate 
temperatures  promote  the  diffusion  of  Ti  through  the  depositing  film  up  to  the  surface  where  it  gets  oxidised.  Further 
investigations  are  required  before  high  quality  HAp-coated  Ti  implants  by  PLD  can  be  obtained. 

KEY  WORDS:  hydroxyapatite,  pulsed  laser  deposition,  thin  films,  Fourier  transform  IR  spectroscopy 


1.  INTRODUCTION 

The  use  of  bioceramic  materials  for  orthopaedic  devices  is  hampered  by  their  low  tensile  strength.  Metals,  which 
possess  superior  mechanical  properties  are,  however,  corroded  by  the  body  fluids,  causing  irritation  or  inflammation. 
Another  problem  is  the  poor  attachment  of  bone  to  the  metallic  parts.  The  solution  to  these  problems  is  to  coat  the  metallic 
parts  with  a  bioceramic  material  which  will  both  protect  the  protease  from  body  fluids  and  promote  bony  ingrowth. 
Amongst  the  calcium  phosphate-based  bioceramics,  calcium  hydroxyapatite,  Caio(P04)6(OH)2  (HAp),  is  the  closest  to  the 
natural  bone  composition  and  therefore,  extremely  biocompatible.  Crystalline  HAp  has  been  reported  to  be  the  most  stable 
form  of  calcium  phosphate  in  contact  with  the  body  fluids,  with  amorphous  HAp  and  p- tri-calcium  phosphate  being  less 
stable  and  more  readily  resorbed  by  the  body.  Being  such  a  complex  molecule,  the  growth  of  thin  films  of  HAp  by  plasma 
or  thermal  spraying,  rf-sputtering,  or  hydrothermal  methods  proved  to  be  rather  difficult. 

Recently,  the  pulsed  laser  deposition  method  (PLD),  which  is  very  useful  for  the  growth  of  materials  with  complex 
stoichiometry,  has  been  employed  to  deposit  thin  films  of  HAp^‘^.  The  studies  have  shown  that  the  deposition  conditions 
can  greatly  change  the  crystalline  structure  and  stoichiometry,  namely  the  Ca/P  ratio  of  the  grown  layers.  Moreover,  the 
surface  of  the  grown  films  has  a  rough  morphology,  being  covered  with  a  high  density  of  droplets.  We  have  shown  that 
most  of  these  droplets  are  ejected  by  a  sub-surface  explosive  boiling  mechanism  because  the  HAp  target  does  not  strongly 
absorb  the  laser  radiation^.  We  have  further  proposed  several  methods  for  increasing  the  optical  absorption  coefficient  at  the 
laser  wavelength  used  for  ablation  and,  based  on  this,  obtained  a  dramatic  reduction  of  the  droplet  density  on  the  surface  of 
grown  films.  In  this  article  new  investigations  aimed  at  improving  the  crystallinity  of  PLD  grown  HAp  films  are  presented. 


2.  EXPERIMENT 

Targets  of  HA  were  prepared  by  cold  pressing  high  purity  powders  in  1  cm  diameter  pellets  which  were  afterwards  sintered  in 
air  at  1 100  ^C  for  several  hours.  The  targets  were  then  mounted  in  a  holder  inside  the  ablation  chamber  which  was  rotated  at 
a  frequency  of  0.2  Hz  in  order  to  avoid  very  fast  target  erosion  during  the  laser  ablation  process.  The  chamber  was  first 
evacuated  down  to  10“^  mbar,  purged,  and  then  backfilled  with  N2O,  known  to  be  a  better  oxidising  agent  than  pure  O2,  at 
various  pressures  from  10"^  to  10"^  mbar.  Irradiation  was  performed  with  a  KrF  laser  having  a  full  width  at  half  maximum 
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(FWHM)  time  duration  of  20  ns  at  fluences  from  1  to  6  J/cm^.  Single  crystalline  Si  and  Ge,  quartz  and  highly  polished  Ti 
substrates  were  placed  at  4  cm  in  front  of  the  target  on  a  holder  which  could  be  resistively  heated  up  to  800  ®C. 

The  structural  properties  of  the  films  grown  on  Si  substrates  were  investigated  by  Fourier  transform  IR  spectroscopy 
(FTIR),  while  the  optical  transmission  data  of  films  deposited  on  quartz  were  recorded  with  a  double  beam  spectrophotometer 
in  the  1100-190  nm  range.  Investigations  of  the  film  surface  morphology  were  performed  using  a  scanning  electron 
microscope  (SEM)  equipped  with  energy  and  wavelength  dispersive  X-ray  analysis  (EDX  and  WDS)  systems  to  assess  the 
chemical  composition.  As  the  EDAX  system  has  a  limited  energy  resolution  which  precluded  a  very  clear  separation 
between  the  Si  and  P  signals,  some  films  were  grown  on  single  crystalline  germanium  substrates.  For  preliminary 
transmission  electron  microscopy  (TEM)  and  selected  area  electron  diffraction  (SAED)  some  films  were  deposited  on  10  nm 
thick  Si3N4  membranes. 


3.  RESULTS  AND  DISCUSSION 

SEM  investigations  of  the  HAp  layers  revealed  a  highly  perturbed  morphology  with  a  high  density  of  droplets  and 
other  debris  material.  The  main  formation  mechanism  of  these  droplets  is  the  sub-surface  explosive  boiling  caused  by  the 
low  optical  absorption  coefficient  which  promotes  a  volume  heating  resulting  in  the  formation  of  a  thick  layer  of  molten 
material  which  favours  sub-surfade  boiling^*  As  one  can  notice  from  Fig.  1  where  the  optical  transmission  of  a  HAp 
film  deposited  on  quartz  is  displayed,  the  film  is  quite  transparent  down  to  190  nm.  The  absorption  seen  below  200  nm  is 
probably  caused  by  the  formation  of  a  compound  at  the  quartz-film  interface  as  the  absorption  increases  with  the  increase  of 
the  deposition  time,  and  not  by  the  material  itself. 


Wavelength  [nm] 

Figure  1.  Optical  transmission  of  HAp  thin  films  deposited  at  700  with  2,5  J/cm^. 

In  Fig.  2,  where  a  micrograph  of  a  film  surface  deposited  on  Ti  is  displayed,  a  large  30x20  \im^  crystallite  is  visible. 
We  suggest  that  such  crystallites,  although  fewer  than  die  number  of  droplets,  were  also  expelled  from  the  target  by  such 
micro-explosions  caused  by  the  sub-surface  boiling  mechanisms.  The  shock-wave  caused  by  these  micro-explosions  can 
displace  loosely  bound  crystallites  which  are  thus  deposited  on  the  surface  of  the  grown  film.  It  is  interesting  to  note  that 
the  film  morphology  improves  when  using  targets  which  were  sintered  for  longer  periods  of  time,  as  one  can  see  in  Fig.  3, 
where  micrographs  of  films  deposited  from  targets  which  were  sintered  for  4  and  14  hours  are  displayed.  The  small  (less  than 
1  |Lim),  irregularly-shaped  and  very  bright  powder-like  particles  seen  in  Fig.  3a  were  found  by  EDAX  to  be  very  rich  in  Ti. 
Their  bright  colour  suggests  that  the  Ti,  which  diffused  from  the  underlying  substrate  up  to  the  surface,  is  oxidised. 
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Figure  2.  SEM  micrograph  of  a  crystallite  directly  expelled  from  the  target. 


Figure  3.  SEM  micrographs  of  HAp  films  grown  from  targets  sintered  for  14  hrs  (a)  and  4  hrs  (b). 

The  Ca/P  value  determined  by  ED  AX  of  the  film  deposited  at  temperatures  below  300  was  around  1 .40,  being  quite 
close  to  that  of  1.51  measured  for  the  as-sintered  targets.  Increasing  further  the  substrate  temperature  increases  also  the  Ca/P 
value.  For  example,  a  Ca/P  value  of  around  1.91  was  measured  for  a  film  deposited  at  400  ®C.  However,  values  around 
1.50,  very  similar  to  the  target  value  were  found  on  several  analysed  droplets,  implying  that  these  were  directly  expelled  from 
the  target  when  in  liquid  phase. 

The  fact  that  the  material  transfer  from  target  to  film  is  more  or  less  stoichiometric  can  also  be  seen  from  Fig.  4  where 
the  FTIR  spectra  of  a  film  deposited  at  650  ^C  under  4x10’^  mbar  of  N2O  and  of  the  as-received  HAp  powder  are  shown. 

Clearly,  all  the  important  absorption  bands  of  HAp^  were  also  present  with  the  grown  film. 

The  substrate  temperature  was  found  to  play  a  key  role  on  the  structural  properties  of  the  grown  layers.  From  room 
temperature  up  to  values  of  around  300  ^C,  the  films  were  amorphous  according  to  SAED  investigations.  Films  deposited 
at  400  ^C  start  to  exhibit  some  faint  electron  diffraction  rings,  an  indication  of  a  polycrystalline  structure  with  very  small 
grain  sizes.  However,  as  one  can  notice  in  Fig,  5  where  the  TEM  micrograph  of  a  very  thin  HAp  film  deposited  on  a  Si3N4 
membrane  is  shown,  it  is  difficult  to  assess  whether  the  diffraction  rings  originated  from  the  small  crystallites  or  the  large 
droplet.  It  is  also  interesting  to  observe  that  the  crystallites  are  better  formed  in  the  area  surrounding  the  droplet. 
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Figure  4.  FTIR  spectra  of  a  typical  HAp  filmgrown  by  PLD  and  of  an  as*received  powder. 
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Figure  5.  TEM  micrograph  of  the  initial  growth  stage  of  a  HAp  thin  film. 

For  substrate  temperatures  above  600  ®C,  the  grown  films  begin  to  exhibit  a  good  crystalline  structure,  as  inferred 
from  the  FTIR  spectra  shown  in  Fig.  6  which  were  recorded  from  two  films  deposited  at  400  and  650  ®C,  respectively, 
substrate  temperatures.  One  can  note  that  the  intensity  of  the  IR  absorption  band  at  around  1000  cm“^  is  higher  for  the  650 
deposited  film,  its  width  is  narrower. 

Ilie  oxidising  gas  pressure  was  another  important  deposition  parameter  as  one  can  note  from  Fig.  7  where  the  FTIR 
spectra  of  two  films  deposited  at  4x10“^  and  4x10'*'^  ton*  of  N2O,  respectively,  are  shown.  The  film  deposited  at  higher 
pressure  is  thicker  because  the  deposition  time  was  longer.  Nonetheless  it  is  evident  that  the  film  deposited  at  a  lower 
pressure  has  narrower  FTIR  absorption  bands,  which  suggests  that  it  possesses  a  better  crystallinity. 
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Figure  6.  FTIR  spectra  of  films  grown  at  different  substrate  temperatures. 


Figure  7.  FTIR  spectra  of  HAp  thin  films  deposited  at  different  N20  gas  pressures. 

We  have  thus  found  that  the  optimum  PLD  conditions  for  stoichiometric  transfer,  i.e.  low  substrate  temperature  and 
high  oxygen  pessure  are  not  conductive  to  good  crystallinity  as  assessed  from  FTIR  investigations.  Moreover,  a  high 
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substrate  temperature  induces  Ti  diffusion  across  the  grown  film,  up  to  the  surface  where  it  gets  oxidised.  This  process  will 
create  bio-compatibility  problems  when  Ti-based  orthopaedic  prostheses  alloys  are  coated  by  HAp  films  deposited  at  such 
high  temperatures.  It  appears  that,  at  least  for  the  initial  stages  of  growth,  the  surface  temperature  should  be  kept  below  400 
®C,  sacrificing  the  crystallinity  but  preserving  the  HAp  stoichiometry  (Ca/P  ratio)  and  avoiding  Ti  diffusion.  Investigations 
aimed  at  improving  the  crystalline  structure  of  low-temperature  deposited  films  are  in  progress. 


4.  CONCLUSIONS 

The  growth  and  properties  of  thin  HA  films  by  PLD  under  various  deposition  conditions  has  been  investigated.  Ca/P  values 
close  to  those  of  the  as-prepared  targets  were  obtained  for  films  grown  at  modest  substrate  temperatures  and  high  oxidising 
pressures.  However,  the  crystallinity  of  such  films,  as  assessed  by  FTIR  analysis  is  poor.  Further  treatments  to  promote 
the  crystallisation  of  these  films  without  perturbing  the  Ca/P  ratio  would  be  highly  desirable.  New  investigations  trying  to 
achieve  this  are  underway. 
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ABSTRACT 

A  numerical  method  for  simulating  realistic  problems  of  mode  coupling  in  optical  transmission  systems  is  described. 
The  conclusion  concerning  waveguided  propagation  of  the  electromagnetic  field  in  complex  structures,  selective  mode 
excitation  and  the  power  transfer  may  become  an  important  factor  in  designing  and  connecting  devices  used  in  optical 
signal  processing.  The  numerical  method  is  based  on  an  extension  of  the  "Orthogonal  Collocation  Method"  to  the  case  of 
coupled  systems  of  differential  equations  witli  an  infinite  range  of  independent  variables. 

Keywords:  coupling  coefficient,  optical  transmission  system,  waveguided  propagation. 

1.  INTRODUCTION 

The  characteristics  of  the  linear  and  nonlinear  waveguided  propagation  of  electromagnetic  field  in  optical  transmission 
systems  have  a  crucial  importance  due  to  tlieir  potential  use  in  the  domain  of  optical  signals  processing. 

If  a  proper  mode  of  a  transmission  system  component  (a  laser  for  instance)  is  injected  into  another  component  of  the 
same  system  (as  an  optical  wavegiude)  then  a  set  of  tlie  communication  system  modes  are  excited. 

The  coupling  of  the  different  proper  modes  and  the  power  transfer  can  be  described  and  evaluated  using  numerical 
methods  which  all  present  difficulties  or  limiting  features. 

The  paper  presents  an  original  metliod  for  the  numerical  simulation  of  realistic  problems  which  include  two  specific 
waveguiding  structures  having  rectangular  and  circular  symmetries. 

The  numerical  methods  used  to  solve  this  kind  of  problems  based  on  the  finite-element  technique^  .  the  "averaged 
index"  method^ ,  the  "beam  propagation"  method^  .  are  well  known,  as  well  as  their  disadvantages  or  accomplishments. 

This  paper  will  describe  in  detail  tlie  numerical  method  used  by  us.  which  is  an  extension  of  tlie  so-called  "orthogonal 
collocation  method"  to  the  case  of  coupled  differential  equations  and  of  an  infinite  set  of  independent  variables  and 
improved  by  hamionical  analysis  techniques. 


2.  NUMERICAL  METHOD  AND  DISCUSSION 
The  starting  point  is  the  Helmholtz  equation  for  the  3-dimensional  propagation: 


^^\j/  d'^\\f  0^vj/  ,2  2.  X  /  Vi 


(1) 


The  symmetry  of  the  guiding  structure  is  the  key  part  in  choosing  the  suitable  expansion  orthogonal  functions, 
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For  the  two  analysed  cases  (rectangular  and  circular  structures)  we  used  Laguerre-Gauss  and  Hemiite-Gauss  functions 
respectively,  and  the  coupled  equations  for  the  fields.  Our  work  generalises  the  known  collocation  method  to  the  case  of 
coupled  differential  equations  and  an  infinite  range  of  independent  variables. 

For  the  three  -  dimensional  case,  tlie  solution  of  tlie  equation  (1)  is  written  as  a  double  linear  combination  over  sets  of 
appropriate  orthogonal  functions:: 


^(x,  y,  z) 


IN  1  INZ,  , 

E  E  Knm(z)\|>n(x)v]/^  m(y) 
n=l  m=l 


(2) 


where  \]/n(x),  v|/^  rn(y  are  Hermite-Gauss  functions  or  Laguerre-Gauss  functions,  according  to  the  circular  or  rectangular 
symmetry  of  tlte  waveguiding  structure: 


On(x)  =  N„_,Hn_i(ax)exp  (3) 

Tlm(y)  =  (YJ')exp  (4) 


and  N normalisation  constants,  a  and  y  are  two  parameters  which  can  be  arbitrarily  fixed. 

Choosing  a,  y  and  N|,  N2  values  is  a  crucial  step  for  the  accuracy  of  the  solution.  This  is  certainly  increased  as  a 
function  of  the  collocation  points  numbers  (Nj ,  N2)  while  a  and  y  are  established  in  correlation  with  the  accurate  division 

of  the  domain. 

The  collocation  points  are  calculated  from  the  condition: 


HN|(axj)  =  0  ,  i=  1,N  (5) 

HN2(Yyi)  =  ^^  l=Ur  (6) 

thus  from  the  well-known  zeroes  of  and  riN2+i  respectively. 

The  main  point  in  solving  the  coupling  problem  is  tlien  the  remark  that  the  wavefunction  is  written  as  a  combination  of 

two  kinds  of  quantized  modes: 


4"(x,  y ,  z)  =  £  Knm  (x,  y ,  z)(p(ax)cp^  (a^y) 


and  that  the  coupling  coefficients  may  be  expressed  as: 


c(cp  1 ,  cp' ,  CP2,  =  J  h(cp  1 ,  cp^ :  X,  y)  h((P2,  cp^;  x,  y)  dxd 


in  terms  of  the  cross-correlation  functions: 


H 


(9l,9^i;x,y)  =(u(x,y,0)cpi|(pj  ). 


(7) 


(8) 


(9) 
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Requiring  that  tlie  wavefunction  (7)  must  satisfy  exactly  the  equation  (1)  in  all  the  collocation  points  means  that  we 
generate  a  matrix  differential  equation  having  the  solution  'F(^Xpyj,z^: 

^+A'P  +  TB*+R(4')  =  0  (10) 

where:  T^Xj,  Vj,  z^is  now  a  N  j  x  N2  matrix  defining  the  field  v|/(x,  y)  at  the  collocation  points,  is  defined  by: 

A  =  DP-'  (11) 

with: 

Dy=f^cpi|^  (12) 


b  =  d'(p')"’ 

p,/  f 

ii  “‘P^iG'i) 

while  R(T)  is  a  x  N2  matrix  witli  the  elements  defined  as: 


(R(T))ij  =k^n^(xi,yj,z)\)/(xi,yj.z) 


We  are  thus  lead  to  a  simple  problem:  a  matrix  differential  equation  which  may  be  solved  by  any  standard  method  (like 
a  Runge-Kutta  method). 

Having  the  wavefunctions  for  the  two  waveguides,  the  last  step  of  the  study  is  devoted  to  the  calculation  of  the  coupling 
coefficient  with  the  relation  (8),  in  the  coupling  plane  z  =  const,  transversal  to  the  propagation  direction. 

We  first  checked  that: 

a)  for  the  circular  symmetry,  with  m  =  p;  m  -  n  =  1;  m^  =  p^;  n/  -  =  1^  we  have: 

b)  for  the  rectangular  symnietr>\  with  m  +  nV  -\ (mod2  and  n  +  n^  -  1  (mod2),  we  obtain  a  similar  result. 

By  contrast,  for  the  rest  of  tlie  values: 

a)  1  =  1^ 

b) m,  m^,  n,  n^-  odd  or  even, 

nonzero  values  of  the  coupling  coefficient  were  computed  and  compared  with  the  available  data'. 

In  order  to  realize  this  comparative  study  our  numerical  results  were  fitted  with  the  calculations  performed  by  harmonic 
analysis  which  had  given  the  following  formula: 


r  2  c  f  /  / 

Cnmn'm'  =  l;;r^l  ^nn/ ' Kn  n', - ^,n+n'+m 


q(q-a-a') 
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b) 


ww  q 


Ml 


r\f  r\r\f 


*^m/2  •  *^n/2 


(19) 


where  a,  q  are  the  Gaussian  beam  parameters\  tlie  Krawtchouk  polynomials  depend  on  the  modes  as: 


^m/2  “  ^m/2 


(q-a)(q-a')  .  n 

ni^/2,  — T - ^ ,  (^ni  +  m^  -  2  j 

q(^q-a-a'J 


n 


while  the  coefficients  computed  according  to: 


M" 


/n!n'!(n+l)!(n4l)! 


^  /  i\  fm+m4n+n0/2  f m+m'j  !  fnV j  ! 


(20) 


(21) 


j /2^  ! /2^ ! 


with: 


mnm' 


m+n  ^ 

1  2  ( 

1  — 1 

U  q) 

*  q ) 

(23) 


if  the  even  numbers  where  considered,  and  with  similar  forms  of  the  coupling  coefficients  for  tlie  odd  number  case. 

The  main  conclusions  we  derived  may  be  summarized  now: 

a)  there  is  no  coupling  between  quantized  trans\^ersal  eigenmodes  of  different  angular  moments,  for  the  circular  case; 

b)  only  the  even  and  odd  quantized  transversal  eigenmodes  are  coupled  in  the  rectangular  case,  i.e.  the  parity  is  preserved. 
Moreover,  our  results  are  easily  verified  witli  the  data  in  \ 

Therefore  these  properties  may  be  of  major  importance  in  designing  and  optimising  the  devices  used  in  optical 
communication  systems  while  tlie  memory  and  time  consume  of  the  described  numerical  method  are  very  low  and  the 
degree  of  generality  quite  extended. 
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ABSTRACT 

Fast-framing  photography  was  used  to  study  the  effect  of  various  parameters  on  the  expansion  of  the  visible  plasma 
plume  produced  by  KrF  laser  irradiation  of  a  YBa2Cu307.x  (YBCO)  target.  The  ambient  gas  pressure  has  a  considerable 
effect  on  the  evolution  and  structure  of  the  plasma.  In  vacuum,  the  visible  emission  is  strongly  forward-directed  and  has  a 
relatively  short  duration.  In  the  presence  of  an  oxygen  atmosphere,  a  long-lived,  highly  luminous  front  is  formed,  whose 
expansion  may  be  well  described  by  a  drag  model  or  a  shock  model  (spherical  or  plane  shock).  Ahead  of  the  luminous  front 
there  is  weak  emission,  wliich  for  pressures  over  about  700  mTorr  evolves  into  a  highly  emissive  “tip”.  The  decrease  of 
energy  density  on  the  target  by  increase  of  the  laser  spot  (defocusing)  leads  to  a  more  forward-directed  motion  of  the  visible 
species.  Larger  energy  densities  obtained  by  increasing  the  mcvgy /pulse  lead  to  a  sharper,  “V”  shaped  front.  The  effect  of  a 
biased  ring  electrode  placed  0.5  cm  to  2  cm  in  front  of  the  target  was  also  studied.  The  emission  characteristics  in  the 
electrode’s  presence  change  greatly.  The  effect  of  ring-target  distance,  voltage  magnitude  and  polarity,  and  pressure  were 
observed. 

Keywords:  laser  deposition,  plasma  expansion,  fast-framing  photography. 

1.  INTRODUCTION 

Many  characteristics  of  Pulsed  Laser  Deposition  (PLD)  plasmas,  such  as  the  energy  of  the  species,  the  ion 
properties  and  the  presence  of  oxides,  have  a  great  effect  on  the  quality  of  the  deposited  thin  films  [1]. 

Fast-framing  photography  is  a  convenient  method  to  study  plasma  expansion  under  various  experimental 
conditions,  with  very  good  temporal  resolution.  We  studied  the  time  evolution  of  the  plasma  obtained  upon  laser  irradiation 
of  various  targets,  at  pressures  from  vacuum  (10'^  Torr)  to  20  Torr,  in  oxygen,  nitrogen  and  argon  atmospheres. 

2.  PLASMA  EXPANSION  IN  THE  PRESENCE  OF  A  GAS  ATMOSPHERE 

Laser  deposition  of  many  high-quality  thin  films  requires  the  presence  of  a  gas  atmosphere.  For  example, 
deposition  of  High  Temperature  Superconducting  (HTSC)  thin  films  is  made  in  the  presence  of  an  oxygen  atmosphere,  at  a 
pressure  of  100  -  300  mTorr.  In  the  presence  of  a  gas,  the  expansion  of  the  species  is  inffuenced  by  two  types  of  processes: 
hydrodynamic  and  chemical. 

For  relatively  low  pressures  (of  the  order  tens  of  mTorr)  or  during  the  initial  stages  of  expansion  at  higher 
pressures,  the  plasma  plume  propagates  through  the  background  gas  in  accordance  with  a  drag  model  [2].  According  to  this 
model,  the  ablation  products  are  slowed  according  to 


X  =  Xf[I  -  e?q)(-pt)l,  (1) 

where  x  is  the  distance  travelled  along  the  target  normal,  Xf  is  the  stopping  distance,  and  p  is  the  slowing  coefficient 
(proportional  to  the  ambient  gas  density). 

For  pressures  over  100  mTorr  (the  exact  value  depending  on  other  parameters  as  well,  such  as  laser  energy 
density),  after  a  given  time  a  shock  wave  forms  in  the  gas.  This  considerably  slows  down  the  ablation  products  and  produces 
behind  it  a  region  of  high  target  species  density.  In  the  case  of  a  spherical  expansion,  the  propagation  of  the  shock  wave  in 
the  gas  is  described  by: 


R(t)~(Eo/po)''*t“ 


(2) 
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where  R  is  the  distance  to  the  target,  po  -  the  ambient  gas  density  (proportional  to  the  pressure),  and  Eo  is  the  energy 
released  explosively  in  the  gas  [3].  In  the  case  of  a  plane  expansion,  the  R(t)  dependence  is  [4] 

R(t)  ~  (Eo/po)’'"  t^'".  (2') 

For  pressures  over  about  1  Ton,  a  turbulent  flow  of  the  plasma  can  be  observed  [5]. 

3.  EXPERIMENTAL  DETAILS 

We  used  a  Hadland  Imacon  model  792  high-speed  camera  in  framing  mode  to  obtain  photographs  of  the  plasma 
generated  by  inadiation  of  a  stoichiometric  YBa2Cu307.x  (YBCO)  target  with  a  KrF  laser  (fig.  1).  The  laser  has  a  pulse 
duration  of  20  ns,  and  an  energy  per  pulse  which  varies  between  70  and  200  mJ.  The  beam  is  incident  at  an  angle  of  45° 
from  the  target  normal.  Focusing  of  the  beam  on  the  target  leads  to  energy  densities  between  0.3  and  1.5  J/cm^,  depending 
on  the  energy  per  pulse  and  the  spot  dimensions.  The  energy^rulse  was  monitored  using  a  Gen-Tec  ED500  energymeter 
connected  to  a  HP54512B  digital  oscilloscope  (300  MHz). 


Fig.  1.  Experimental  set-up 


The  camera  is  triggered  by  the  signal  from  a  photodiode 
onto  which  a  fraction  of  the  laser  beam  is  incident;  the 
time  reference  for  the  photos  is  thus  the  incidence  of  the 
beam  on  the  target.  The  interval  between  two  successive 
photographs  is  200  ns  (exposure  time  41.2  ns),  and  the 
delay  between  the  incidence  of  the  laser  pulse  on  the 
target  and  the  first  photograph  in  the  series  obtained  for 
one  laser  pulse  is  variable  between  200  ns  and  1  ps.  The 
sequence  of  photographs  is  ;  2  4  6 

1  3  5 

In  some  cases  a  copper  ring  shaped  electrode 
was  placed  at  distances  of  0.5,  1  or  2  cm  in  front  of  the 
target,  parallel  to  its  surface.  The  copper  wire  electrode 
has  a  diameter  of  2.5  cm.  dc  voltages  of  different 
magnitudes  (240  V,  450  V,  725  V)  and  polarities  were 
applied  on  the  electrode;  the  target  was  connected  to  the 
source  ground.  The  presence  of  a  biased  electrode  in  the 
plasma  improves  film  quality,  presumably  through 
additional  plasma  activation  [6]. 


We  studied  the  effect  of  several  parameters  on  the  expansion  of  the  plasma.  We  will  present  here  the  effects  of  the 
following:  -  ambient  gas  pressure, 

-  nature  of  the  ambient  gas, 

-  laser  energy  density  on  target 

-  presence  of  substrate 

-  presence  of  an  electrode;  -  target-electrode  distance, 

-  voltage  polarity, 

-  voltage  magnitude. 

4.  PLASMA  EXPANSION  AT  VARIOUS  PRESSURES  AND  LASER  ENERGY  DENSITIES 

In  vacuum,  the  plasma  has  a  forward-directed  motion  (motion  predominantly  along  the  target  normal),  without  any 
visible  structure.  The  visible  emission  has  a  relatively  short  duration  of  1.2  1.6  ps  (fig.  2a).  In  the  presence  of  a  gas 

atmosphere  (pressures  from  about  60  mTon  to  about  1  Torr),  the  behavior  of  the  expanding  species  in  the  vicinity  of  the 


283 


target  (<  5  mm)  is  the  same  as  in  vacuum,  but  at  larger  distances  (of  the  order  of  several  cm)  a  highly  luminous  front  is 
formed  (figure  2b,  2c).  The  duration  of  the  emission  is  longer  than  in  the  vacuum  case  ( >  3  ns)  due  to  this  front. 


This  luminous  front  is  the  region  of  high  target  species  density  formed  behind  the  shock  front.  Many  authors 
consider  that  luminescent  oxide-forming  reactions  are  responsible  for  this  high  luminosity  [7].  Spectroscopic  results 
obtained  by  us,  however,  indicate  that  in  our  experimental  conditions  only  a  small  part  of  the  emission  is  due  to  such 
reactions,  Ae  majority  resulting  from  collisional  excitation  among  the  target  species  themselves. 


The  motion  of  the  species  in  the  presence  of  a 
gas  is  less  forward-directed  than  in  the  vacuum  case,  due 
to  the  collisions  of  the  target  species  with  the  ambient  gas 
molecules.  As  the  pressure  increases,  the  extension  of  the 
plasma  parallel  to  the  target  surface  becomes  larger.  For 
pressures  over  about  700  mTorr,  the  “tip”  of  the  firont 
becomes  more  luminous,  and  propagates  with  a  velocity 
greater  than  the  rest  (fig.  2c).  The  phenomenon  could  be 
linked  to  weak  emission  ahead  of  the  front  which  is 
visible  for  lower  pressures  upon  scanner  examination  of 
the  photos  (fig.  3).  This  indicates  the  existence  of  species 
moving  ahead  of  the  front.  The  behavior  has  been 
observed  before  [8]  and  explained  using  Monte  Carlo 
simulations  of  collisions  between  target  species  and 
ambient  gas  molecules  (9].  These  faster  components  are 
eventually  slowed  down  in  another  high  density  luminous 
front  ahead  of  the  first.  For  even  higher  pressures  (  >  1.5 
Torr)  the  front  takes  on  an  irregular  shape  which 
indicates  turbulence. 


Fig.  3.  Scaimer  image  of  fast-framing  photo  obtained  in 
190  mTorr  oxygen,  for  a  delay  of  600  ns.  Weak  emission 
is  visible  ahead  of  the  highly  luminous  front 


The  beha%'ior  of  the  ablated  species  in  the  presence  of  an  ambient  gas  proved,  in  our  case,  to  be  independent  of  the 
nature  of  the  gas  used  (oxygen,  as  in  deposition  conditions,  nitrogen  or  argon),  which  confirms  that  the  visible  emission  is 
due  to  hydrodynamic  effects,  and  not  to  luminescent  oxidation  reactions.  Due  to  the  small  difference  between  the  molecular 
masses  of  oxygen  and  nitrogen  and  the  atomic  mass  of  argon,  the  former  effects  are  expected  to  lead  to  similar  expansions. 

Defocusing  of  the  laser  beam  on  the  target  leads  to  a  modification  of  the  energy  density  through  the 
change  in  spot  size.  By  increasing  the  spot  size  from  13.3  mm^  to  23  mm^  at  a  constant  energy/pulse  of  about  100  mJ,  the 
plasma  expansion  becomes  more  forward-directed  (fig.  4)  (the  corresponding  energy  densities  are  .75  J/cm^  and  .45  J/cm^, 
respectively).  The  luminous  front  becomes  less  curved  and  has  a  smaller  extent  in  the  direction  parallel  to  the  target  surface. 
The  effect  is  noticeable  for  pressures  of  1(X)  -s-  760  mTon.  This  effect  could  be  tentatively  explained  Ity  the  increase  of  the 
number  of  collisions^article  as  the  spot  size,  and  therefore  the  time  spent  by  the  species  in  the  near-target  region,  increases. 
Theoretical  models  indicate  that  a  greater  number  of  collisions/particle  leads  to  particle  motion  predominantly  along  the 
target  normal  [10]. 
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a)  b) 

Fig.  4.  Effect  of  laser  beam  defocusing  on  the  evolution  of  the  plasma.  Spot  size 
a)  13.3  mm^;  b)  23  mm^.  Energy  per  pulse  100  mJ.  Oxygen  pressure  190  mTorr. 
Delay  of  first  photo  1  ps. 


Fig.  5.  Plasma  evolution  at  large 
energy  density  (1.5  J/cm^). 

190  mTorr.  Delay  Ips. 


An  increase  of  the  energy  density  to  larger  values  (about  1.5  J/cm^)  through  an  increase  of  laser  energy^ulse  leads 
to  a  characteristic  ‘‘V”  shape  of  the  front  instead  of  the  rounded  one  obtained  for  lower  energies  (fig.  5).  The  amount  of 
material  removed  from  the  target  is  larger,  which  produces  a  plasma  of  higher  luminosity,  both  in  vacuum  and  in  an  oxygen 
atmosphere. 


Our  results  indicate  that  the  plasma  expansion  depends  both  on  pulse  energy  and  on  spot  size,  and  not  just  on  their 
ratio  (energy  density)  which  confirms  other  authors’  results  [10].  The  relationship  between  the  expansion  along  the 
direction  parallel  to  the  target  surface  and  that  perpendicular  to  it  is  decided  mainly  by  the  laser  spot  size  on  the  target. 

The  results  presented  above  are  without  any  substrate.  In  the  presence  of  a  cold  substrate  placed  1.5  cm  from  the 
target,  an  intense  emission  is  visible  on  its  surface.  This  is  most  probably  due  to  collisions  betw^n  plasma  particles 
reflected  on  the  substrate  and  the  incoming  ones.  The  long  duration  of  emission  (>  4  ps)  proves  that  particles  are  being 
released  from  the  target  at  later  times;  in  the  absence  of  the  substrate,  however,  they  are  not  visible,  since  they  are  not  in  an 
excited  state. 


5.  MODELLING  OF  LUMINOUS  PLASMA  FRONT  PROPAGATION 

As  the  pressure  increases,  the  front  boundary  in  our  photos  becomes  sharp  enough  to  determine  the  propagation 
law  R(t),  where  the  R  is  the  distance  from  the  target,  measured  along  the  target  normal,  for  the  part  of  the  front  which 
moves  with  the  greatest  velocity,  and  t  is  the  time,  measured  from  the  incidence  of  the  laser  beam  on  the  target.  This  allows 
modelling  of  the  phenomena. 

At  low  pressures,  the  species  move  with  a  constant  velocity,  which  results  in  a  linear  R(t)  dependence  with  a 
corresponding  velocity  of  about  10^  cm/s;  this  is  in  accordance  with  the  model  for  propagation  in  vacuum  [11].  As  the 
pressure  increases,  the  interaction  of  target  species  with  the  ambient  gas  molecules  (tlfrough  collisions)  be^mes  more 
important.  For  the  first  moments  (and  close  to  the  target),  the  linear  R(t)  dependence  corresponding  to  vacuum  propagation 
well  describes  the  propagation.  After  600  ns  - 1  ps  the  front  is  slowed.  Its  motion  can  then  be  described  using  either  the  drag 
model  (1)  or  the  shock  model  (2, 2'). 

The  above-mentioned  models  provide  good  fits  for  our  experimental  data.  The  moment  when  the  linear  R(t) 
changes  because  of  slowing  of  the  species  depends  on  pressure  and  energy  density:  for  higher  pressures  or  lower  energy 
densities,  this  slowing  occurs  at  earlier  moments  (fig.  6,  7).  This  behavior  agrees  with  hydrodynamic  theories  of  plasma 
evolution:  the  slowing  effects  produced  in  the  presence  of  an  atmosphere  appear  once  the  target  species  density  equ^s  that 
of  the  ambient  gas  which  has  l^n  “swept  up”.  This  is  to  be  expected  to  happen  sooner  at  high  gas  densities  (pressures)  and 
low  ablated  species  density  (low  laser  energy  densities). 
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Fig.  6.  R(t)  fit  of  experimental  data  for  an  ox>^gen 
pressure  of  100  mTorr  and  a  laser  energy  density  of:  .31 
J/cm^  (V),  .74  J/cm^  (o),  1.34  J/cm^  (•).  When  the  fit  is 
not  made  using  all  the  data,  the  interval  used  is  the  one  in 
the  parentheses. 


Fig.  7.  R(t)  fit  of  experimental  data  for  an  oxygen 
pressure  of  190  mTorr,  Different  symbols  correspond  to 
different  laser  pulses,  all  having  the  same  energy  density 
(1  J/cm^). 


Whether  the  propagation  of  the  front  is  best  described  by  a  plane  or  a  spherical  shock  depends  on  pressure  and 
energy  density.  In  the  pressure  domain  used  in  our  experiments,  at  low  pressures  (<  100  mTorr)  the  expansion  is  closer  to 
plane  (b  =  0.67  +  0.76),  and  at  higher  pressures  (>  500  mTorr),  closer  to  spherical  (b  =  0.38  -f  0.51),  For  a  given  pressure  of 
190  mTorr,  the  expansion  can  be  modelled  by  a  spherical  shock  for  1  J/cm^,  and  by  a  plane  one  for  0.7  J/cm^.  These  results 
coincide  with  the  qualitative  observations  of  the  relationship  between  plasma  motion  and  irradiation  parameters  mentioned 
above. 


6.  PLASMA  EXPANSION  IN  THE  PRESENCE  OF  AN  ELECTRODE 

The  presence  of  a  ring  electrode  in  the  plasma  leads  to  an  increase  of  both  emission  intensity  and  duration, 
especially  in  vacuum  (fig.  8).  The  differences  between  the  situation  with  and  without  electrode  appear  from  the  moment 
when  the  plasma  reaches  the  ring,  for  all  target-electrode  distances  investigated.  This  indicates  that  the  observed  effects  are 
due  to  the  discharge  current  initiated  through  the  plasma  between  target  and  ring  (and  not  to  the  electric  field  in  this 
region). 


a)  b) 

Fig.  8.  Plasma  evolution  in  the  presence  of  Fig.  9.  Plasma  evolution  in  vacuum  for  +  725  V  a)  and  -  725  V  b). 
an  electrode,  in  vacuum.  Electrode  9  nun  Delay  for  first  photo  in  sequence  1  ps. 
from  target.  Voltage  +  450  V.  Delay  200  ns. 


The  emission  on  the  target  surface  has  a  greater  duration  in  the  presence  of  an  electrode,  both  in  vacuum  and  190 
mTorr  oxygen.  The  probable  explanation  is  that  the  release  of  particles  from  the  target  is  longer  than  that  observed  in  the 
absence  of  an  electrode,  but  the  species  removed  from  the  target  later  emit  visible  radiation  only  in  the  presence  of  the 


286 


electrode.  This  could  also  explain  the  less  forward-directed  motion  of  the  plasma  observed  in  vacuum  with  the  electrode.  If 
true,  this  implies  that  species  which  are  only  excited  when  a  voltage  is  applied  to  the  ring  have  a  less  forward-directed 
motion  than  those  excited  even  in  its  absence. 

In  vacuum,  with  the  increase  of  electrode  voltage,  both  the  intensity  of  the  emission  and  its  spatial  extent  become 
larger.  For  a  negative  ring  bias,  the  emission  on  the  target  is  over  a  greater  surface  than  for  a  positive  voltage  (fig.  9),  A 
simple  model  could  be  proposed,  according  to  which  the  regions  where  the  electrons  have  been  accelerated  to  greater 
velocities  in  the  discharge  are  the  ones  where  the  area  of  increased  emission  is  larger.  In  a  190  mTorr  oxygen  atmosphere, 
the  increase  of  plasma  emission  is  less  visible  and  more  uniform  spatially. 

For  a  relatively  large  target-electrode  distance  (2  cm),  the  dimensions  of  the  visible  plasma  emission  along  the 
target  normal  is  greater  (at  a  given  moment)  than  when  the  ring  is  placed  close  to  the  target,  which  suggests  that  the  species 
are  excited  more  efficiently  in  this  case. 

The  effect  of  the  presence  of  the  ring  electrode  is  to  increase  plasma  excitation  by  collisions  between  the  electrons 
in  the  discharge  initiated  through  the  plasma,  and  the  ablated  species.  The  increased  species  excitation  leads  to  greater 
reactivity,  which  is  important  for  applications. 


7.  CONCLUSIONS 

Our  results  confirm  the  strong  dependence  of  PLD  plasma  expansion  on  ambient  gas  pressure  and  laser  energy 
density.  An  interesting  phenomenon  is  the  weak  emission  observed  ahead  of  the  luminous  front,  which  for  pressures  over 
700  mTorr  evolves  into  a  luminous  “tip”.  This  indicates  species  moving  ahead  of  the  shock  fi-ont.  A  conclusion  of 
fundamental  as  well  as  practical  importance  is  the  fsicx  that  plasma  expansion  is  dictated  both  by  pulse  energy  and  spot  size, 
not  just  by  their  ratio.  The  nature  of  the  ambient  gas  proved  to  have  no  effect  on  plasma  evolution,  which  suggests  that 
hydrodynamic  effects  and  not  oxidation  reactions  lead  to  visible  emission  in  our  experimental  conditions. 

The  movement  of  the  luminous  fi-ont  boundary  is  well  described  by  the  drag  or  shock  model.  Whether  the  model 
for  a  plane  shock  or  that  for  a  spherical  one  gives  a  better  fit  for  the  experimental  data  depends  on  the  pressure  and  laser 
energy  density.  To  our  knowledge,  this  is  the  first  time  such  modelling  has  been  used  to  establish  the  dependence  of  the 
expansion’s  character  on  these  two  parameters. 

The  presence  of  an  electrode  in  the  PLD  plasma  increases  the  duration  and  spatial  extent  of  the  plasma.  The  effects 
depend  on  voltage  magnitude  and  polarity. 
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ABSTRACT 

The  purpose  of  this  study  is  to  establish  the  way  in  which  different  synthesis  conditions  influence  on  the  structural 
and  luminescent  characteristics  of  europium  activated  calciimi  tungstate  powder  phosphor.  CaW04  :Eu^^  samples  were 
prepared  by  thermal  synthesis  from  mixtures  consisting  of  precipitated-CaW04,  equivalent  amounts  of  EU2O3  and  WO3 
(activating  system)  and  CaCb  or  Na2W04  as  flux.  Calcination  was  performed  at  800-1000  ®C  for  2  h,  in  air.  The 
crystalline  structure  (XRD-pattems)  and  luminescent  characteristics  (emission  and  excitation  spectra  of  phosphor 
samples  were  determined  and  interpreted. 

Keywords:  phosphors,  luminescence,  calcium  tungstate,  europium,  Eu(3+), 

1.  INTRODUCTION 

Calcium  tungstate  phosphors  are  very  sensitive  to  roentgen  radiation  so  that  they  are  largely  used  for  the  manufacture 
of  X-Ray  Intensifying  Screens.  Being  sensitive  to  UV-radialion  as  well,  they  could  be  utilised  in  Plasma  Display  Panels 
on  condition  that  their  luminescence  should  be  appropriate  in  colour  and  brightness.^ 

The  well-known  self-  or  lead  activated  tungstate  phosphors  (C:aW04:W  or  CaW04  :Pb)  exhibit  blue  or  blue  green 
luminescence  that  is  related  to  some  tetrahedral  W04-groups  of  the  scheelite  host  lattice.^  >^en  rare  earth  ions  such  as 
EU^"^  and  Tb^"^  are  used  as  activators,  new  luminescence  centres  are  formed  and  the  characteristic  red  or  green  emission 
could  be  generated.^  '’ 

Most  of  the  rare  earth  ions  were  tested  as  activators  for  scheelite  lattice  but  the  literature  refers  mainly  to  the 
luminescence  of  single  crystals  which  are  materials  of  great  interest  for  solid  state  lasers.^  No  information  referring  to 
the  coresponding  powder  state  phosphor  was  found. 

The  present  paper  reports  some  of  our  results  concerning  the  synthesis  of  europium  activated  calcium  tungstate 
phosphor  powder.  The  purpose  of  this  stuc^'  is  to  establish  the  way  in  which  different  synthesis  conditions  influence  on 
the  structural  and  luminescent  characteristics  of  C^W04:  Eu  samples. 

^EXPERIMENTAL  PART 

Phosphor  samples  were  synthesised  from  homogeneous  mixtures  consisitng  of  luminescent  grade  (l.g.)  CaW04  , 
CaCl2  (l.g.)  or  Na2W04  G  g  )  as  flux  and  WO3  G  g  )  and  EU2O3  (99.99  %  Jansen  Chemica)  as  aaivating  system.  All 
luminescent  grade  substances  were  prepared  in  our  laboratory,  original  procedures. 

Calcium  tungstate  used  in  phosphor  ^nthesis  was  prepaid  at  room  temperature,  from  highly  purified  CaCh  and 
Na2W04  solutions.® 

The  synthesis  mixtures  contained  10  %  wt.flux  and  equivalent  amounts  of  WO3  and  EU2O3  corresponding  to  0.0025 
-5“  0.06  mol  %  Eu2(W04)3  .  The  thermal  synthesis  was  conducted  at  800  -1000  ®C,  in  covered  alumina  crucibles,  for  2  h. 
All  samples  were  washed,  dried  and  sieved. 

Phosphor  samples  were  characterised  by  crystalline  structure  (Philips  PW  1050  Diffractometer;  CuKa)  and 
luminescent  properties.  These  ones  were  estimate  on  the  basis  of  emission  and  excitation  spectra  registered  on  Perkin 
Elmer  204  Spectrofluorimeter.  The  excitation  was  performed  with  a  254  nm  UV  radiation  and  a  self-activated  calcium 
tungstate  phosphor  (N61,  Bad  Liebenstein)  was  taken  as  standard. 

3.  RESULTS  AND  DISCUSSION 

One  of  the  first  steps  in  phosphor  synthesis  is  the  choise  of  a  proper  mineralising  agent.  With  this  purpose  in  mind,  a 
preliminary  sample  series  without  flux  and  with  Na2W04  or  CaCl2  was  prepared  at  1000  °C  with  1  mol  %  Eu  and  was 
characterised. 

CaW04  :  Eu  samples  prepared  without  flux  or  with  Na2W04  show  red  aparent  luminescence  whereas  the  sample 
obtained  with  CaCl2  as  flux  does  not  exhibit  red  luminescence.  In  fact,  under  254  nm  excitation,  CaW04 :  Eu(C^Cl2)  is 
almost  nonluminescent.  The  emission  spectra  of  CaW04  :  Eu  (no  flux)  and  C:aW04  :  Eu(Na2W04)  consist  mainly  of 
two  hands  namely  a  weak  one  at  610-615  nm  (Eu^-band)  and  a  stronger  one  at  395-400  nm  (self-activated  band). 
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Taking  into  account  that  the  self-activated  samples  prepared  with  CaCl2  and  Na2W04  show  comparable  luminescence 
emissions  (98  %  and  112  %,  respectvely),  this  CaCl2  influence  on  europium  incorporation  was  rather  une?q)ected.  In 
fact,  CaCl2  is  known  as  a  very  effective  flux  and  is  cmrently  used  in  phosphor  processing. 

The  X-ray  diffraction  (XRD)  patterns  offer  an  e?q)lanation.  Whereas  all  phosphor  samples  prepared  without  flux  or 
with  Na2W04  present  pure,  crystalline  lattices  with  scheelite  (tetr-  CaW04) ,  the  corresponding  sample  prepared  with 
CaCl2  contain  europium  trioxide  phase.  It  seems  that,  during  the  high  temperature  treatment,  tiie  WCDs  from  the 
synthesis  mixtures  was  consiuned  by  CaCb  and  eventually  converted  into  calcium  tungstate.  As  a  result,  europium 
atoms  do  not  enter  into  the  host  lattice.  Mention  must  be  made  that,  in  our  previous  work  on  ^tliesis  of  activated 
calcium  tungstate  phosphors,  sodium  nitrate  was  also  tested  as  flux  and  gave  very  poor  results, too." 

Besides  tlie  flux  nature  and  concentration,  there  are  many  other  fectors  t^t  could  influences  on  the  europium 
incorporation  and  consequently  on  the  luminescent  characteristics  of  phosphor  samples. 

In  order  to  study  tlie  influence  of  the  firing  temeperature,  four  samples  series  were  prepared  as  follows: 

Al,  A2,  A3  -  samples  of  CaW04:W  prepared  with  no  flux,  at  800  ;  900  and  1000  °C,  respectively; 

Bl,  B2,  B3  -  samples  of  CaW04:W  (Na2W04)  prepared  with  flux  ,at  800  ;  900  and  1000  ®C,  respectively; 

Cl,  C2,  C3  -  samples  of  CaW04:Eu  prepared  with  no  flux,  at  800  ;  900  and  1000  °C,  respectively; 

Dl,  D2,  D3  -  samples  of  CaW04:Eu  (Na2W04)  prq[>ared  with  flux ,  at  800  ;  900  and  1000  °C,  respectively; 

In  our  working  conditions,  the  incorporation  of  trivalent  rare  earth  ions  into  the  CaW04  lattice  could  proceed  in  two 
ways:  2Eu^'^  replace  3Ca^^  ions,  and  so  a  calcium  vacancy  is  generated,  and  a  pair  Eu^^  +  Na^  replace  2Ca^^  ions. 
Samples  from  the  C  series  are  prepared  without  flux  and  correspond  to  the  presumed  phosphor  formula  Cai.3xEu2x 
□xW04 ,  where  □  represents  calcium  vacancy  and  x=  0.0526.  Samples  fi-om  the  D  series  are  prepared  in  the  presence 
of  a  large  amount  of  melted  sodium  tungstate  (Tjn=  698  °C)  and  consequently  correspond  to  the  phosphor  fonnula 
Cai.2xEuxNax  WO4  where  0.1. 

XRD-pattems  show  that  all  samples  possess  a  well  formed  scheelite  structure  with  the  same  cell  parameters  (a  =  5.24 
c  =  1 1.38).  No  unreacted  EU2O3  or  WO3  phases  were  observed. 

Figure  1  presents  the  emission  and  excitation  spectra  for  CaW04:Eu  phosphor  samples  prepared  at  1000  (G3  and 

D3)  in  comparison  with  the  self-activated  phosphor  C^W04:W  obtained  in  the  same  conditions  (B3).  The  emission 
spectrum  of  CaW04:  W  consists  of  one  strong  and  large  emission  band  at  395  nm  generated  by  the  WO4  group  centres 
from  the  host  lattice  (figure  la).  Incorporation  of  europium  ions  brings  about  the  diminution  of  this  self-activated  band 
(with  about  70  %)  and  the  formation  of  many  relatively  narrow  bands  visible  at  about  325;  355;  365;  395;  465;  590; 
615  and  650  mn.  These  bands  are  rather  weak  so  that  their  exact  position  is  diflicult  to  estimate.  Most  of  these  bands 
are  in  the  blue-green  region  and  are  covered  by  the  much  more  intensive  self-activated  band.  The  Eu^  characteristic 
bands  are  in  the  red  region ,  the  most  intense  being  at  610-615  nm. 

Emission  spectra  show  that  ,  at  254  nm  excitation,  both  types  of  luminescence  centres  contribute  to  the  observed 
luminescence  namely,  WO4-  centres  of  the  lattice  and  Eu^-  centres. 

The  observed  luminescence  colour  is  determined  by  the  ratio  between  the  self-activated  band  (~  395  nm)  and  the  most 
intense  Eu^^  characteristic  band  (~  615  nm).  This  ratio  depends  on  the  preparative  conditions. 

The  excitation  spectra  for  the  615  nm  band  consist  of  many  narrow  bands  situated  at  295;  3 15;  370;  390;  400;  420; 
470  and  540  nm.  The  strongest  excitation  bands  are  between  370  and  400  nm,  domain  where  the  self-emission  of  the 
host  lattice  is  strong.  This  shows  that  a  mechanism  of  energy  transfer  is  involved  into  the  excitation  step. 

Figure  2  presents  the  intensity  of  these  two  main  bands  versus  the  firing  temperature.  One  can  see  that  ,in  general, 
the  increase  of  the  firing  temperature  helps  the  formation  of  W04-centres  (in  CaW04:W)  and  Eu^  centres  (  in 
CaW04:£u).  In  the  latter  case,  the  contribution  of  the  lattice  to  the  observed  luminescence  decreases  slowly  with  the 
temperature.  It  seems  also  that  the  brightness  of  the  characterisitc  Eu^"^  emission  is  slightly  improved  by  the  flux 
utilization  (  900®C)  and  the  increase  of  the  firing  temperature  (lOOO^C) 

The  luminescent  properties  are  also  influenced  1^  the  activator  concentration.  Eight  phosphor  samples  were  prepared 
at  900°C  with  Na2W04  as  flux  and  with  variable  europium  amounts.  The  resulting  E1-E8  samples  correspond  to  the 
phosphor  formula  Cai.2xEux  Nax  WO4  where  x=0.000;  0.005;  0.010;  0.025;  0.050;  0.075;  0.100  and  0.120,  respectively 
The  emission  spectra  presented  in  figure  3  show  that  the  specific  Eu-band  is  well  formed  at  only  0.5  mol  %  and  that 
the  self  activated  band  decrease  continuously  in  intensity  and  becomes  more  structurated  with  the  Eu-concentration 
increase. 

Figure  4  presents  the  calculated  intensity  of  these  two  main  emission  bands  versus  the  europium  concentration.  One 
can  see  that,  for  0.5  -r  2.5  moi%  E14  the  self  activated  band  decreases  rapidly  to  reach  a  constant  value  representing 
about  30  %  from  the  initial  value.  The  Eu-red  emission  band  increases  slowly  to  an  almost  stationary  value,  either.  The 
maximum  of  the  red  emission  is  (^Ttained  at  5-^7  mol% ,  the  degree  of  europium  incorporation  being  maximum. 
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Figure  1.  Emission  and  excitation  spectra  of  some  activated  calcium  tungstate  phosphors  prepared  at  1000  ®C. 
B3-CaW04:W(Na2W04);  C3;  CaW04:Eu  ( no  flux);  D3-  CaW04:Eu  (Na2W04); 


X  •!«  *  MS  nm 


X  am  B  t1 5  i 


800  MO  1000T(**C) 


Figure  2.  Relative  intensity  of  self  activated  (1395)  and  Eu-characterisitic  (lets)  versus  firing  temperature 
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Figure  3.  Emissicxt  spectra  of  CaW04:Eu  (Na2W04)  samples  prepared  with  various  activator  concentrations. 


Figure  4.  Relative  intensity  of  the  self-activated  (I395)  and  Eu-  band  (I^is)  versus  the  eurq)ium  concentraticm. 


4.C0NCLUS10NS 

Red  emitting  CaW04:Eu  phosphor  powder  was  obtained  with  natrium  tungstate  as  flux  and  5*^-7  mol%  europium,  at 
900-1 000®C.  Both  WO4-  and  Eu-centres  contribute  to  the  apparent  luminescence.  The  well  evidentiated  composite 
structure  of  emission  and  excitation  spectra  and  the  uniform,  well  formed  scheelite  lattice,  suggest  a  good  europium 
incorporation  . 
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ABSTRACT 

From  die  phenomenolc^cal  point  of  view,  laser  cutting  processes  are  complex,  weakly  organised  and  difiiise  systems.  Off 
line  q[)timization  of  such  processes  demands  relative  simple,  but  accurate  enough  models,  which  could  be  obtained  by 
experimental  way.  The  article  presents  the  results  of  a  large  &ctorial  designed  experiment,  having  fliree  main  objectives:  to 
identify  vMch  fectors  are  statistically  important,  to  build  a  quantitative  model  relating  die  important  fectors  to  th^  response 
functions,  to  optimize  tiiese  response  fimctions  and  particularly  the  material  removal  rate,  the  kerf  walls  parallelism  deviation 
and  die  ^>ecihc  enei^  consumptiorL  The  obtainedresults  allow  die  dioice  of  laser  cutting  optimal  parameters. 

Keywords:  polymettacrylate,  CO2  laser  cutting,  fectorial  experiments,  off-line  optimization 


1.  INTRODUCTION 

FrOTi  the  phenomenological  point  of  view,  laser  cutting  processes  are  ccmiplex,  weakly  organised  and  diffuse  systans.^ 
Their  dieoretioal  modelling  is  possible  on  the  tesis  of  heat  conduction,  mass-and  energy-balance  equations,  but  the  developed 
madiematical  models  are  very  complicated  and  widi  difficulty  utilisable  in  technological  purposes. 

By  practical  reasons,  die  off  line  optimization  of  such  processes  demands  more  simple,  but  accurate  enough  models, 
\riiich  c^d  be  obtained  by  experimental  way. 

The  article  presents  die  re^ts  of  a  large  fectorial  designed  experiment,^  having  three  main  objectives: 

-  to  idaitify  which  fectors  are  statistically  important; 

-  to  build  a  quantitative  model  relating  die  important  fectors  to  the  response  fenctions; 

-  to  optimize  these  response  fenctions  and  particularly  die  mataial  removal  rate,  the  kerf  walls  parallelism  deviation 
and  the  specific  energy  consumptimi. 

2.  EXPERIMENTAL  RESULTS  AND  THEIR  INTERPRETATION 

All  trials  of  the  expmment  were  performed  on  a  laser  cutting  system  CILAS  2000,  having  a  2000 W,  CO2  laser  and  a 
two-axis  numerical  control  NUM  750.^ 

The  workpiece  material  was  polymettacrylate  (p=l  186  k^m^,  K=0.2  W/m.K,  C=1.4.10^J/kg.K). 

The  hierarchic  differentiation  of  fectors  influencing  gas  jet  assisted,  CO2-CW  laser  cutting  of  polymettacrylate  was  made 
by  a  randmn  balance  e^qieriment,  having  16  trials. 

By  this  way,  the  relationships  among  eight  fectOTS,  namely: 

Xi-  laser  power  PL(wiffi  4  levels:  100;  200;  300  and  400  W); 

X2-  cutting  speed  v  (widi  4  levels;  1;  2;  3  and  4  m/min); 

X3-  laser  spot/workpiece  surfece  distance  (with  4  levels:  0.6;  0.8;  1.0  and  1.2  mm); 

X4-  workpiece  thickness  s  (with  4  levels:  1.6;  2.6;  3.1  and  5  mm) 

X5  -  assist  gas  pressure  (with  2  levels:  1  and  3  bar) 

X6  -  assist  gas  nature  (widi  2  levels:  O2  and  N2) 

X7-  gas  nozzle  diameter  (with  2  levels:  1  and  1.5  mm) 

Xg  -  cutting  path  curvature  radius  (widi  2  levels:  120  and  00  mm) 
and  two  response  functions,  namely:  kerf  width  at  the  top  B  [mm]  and  respectively  at  the  bottom  of  workpiece  b  [mm]  were 
analysed. 

The  program  matrix  of  the  random  balance  experiment  is  given  in  the  table  1. 
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Table  1 


Trial 

Variation  levels  of  influence  &ctors 

Kerf  width 

ITUU 

niimlvT 

Xi 

Xz 

Xi 

x« 

X5 

X6 

X7 

X, 

B 

b 

[W] 

[mm] 

[mm] 

[bar] 

[-] 

[mm] 

[mm] 

[mm] 

[mm] 

1. 

400 

4 

0.8 

1.6 

1.0 

Nj 

1.0 

20 

026 

026 

2. 

300 

1 

0.6 

2.6 

1.0 

Nz 

1.0 

00 

0.21 

0.19 

3. 

200 

1 

0.6 

2.6 

• 

3.0 

Nz 

1.0 

00 

023 

0.24 

4. 

100 

1 

12 

3.1 

3.0 

Nz 

1.0 

00 

0.55 

0.26 

5. 

400 

3 

0.8 

3.1 

3.0 

O2 

1.0 

00 

6.53 

0.42 

6. 

300 

2 

12 

5.0 

3.0 

O2 

1.0 

20 

0.39 

0.16 

7. 

200 

4 

1.0 

5.0 

1.0 

O2 

1.0 

20 

0.32 

0.00 

8. 

200 

3 

1.0 

5.0 

1.0 

O2 

1.0 

00 

0.34 

0.00 

9. 

100 

2 

1.2 

5.0 

1.0 

N2 

1.5 

20 

0.30 

0.00 

10. 

300 

4 

0.8 

1.6 

1.0 

Nz 

1.5 

20 

027 

026 

11. 

400 

I 

1.0 

1.6 

3.0 

N2 

1.5 

GO 

0.34 

0.28 

12. 

400 

2 

0.8 

2.6 

3.0 

N2 

1.5 

00 

0.21 

0.42 

13. 

300 

4 

0.6 

2.6 

3.0 

O2 

1.5 

20 

0.40 

0.00 

14. 

200 

2 

1.2 

3.1 

3.0 

O2 

1.5 

00 

0.51 

0.27 

15. 

100 

3 

0.6 

3.1 

1.0 

O2 

1.5 

20 

024 

0.00 

16. 

100 

3 

0.6 

1.6 

1.0 

O2 

1.5 

20 

0.19 

0.14 

The  statistical  treatment  of  experimental  results  has  demonstrated  the  most  important  fiictors,  from  the  point  of  view  of 
the  studied  response  fimcdrms,  are:  laser  power,  cutting  speed,  workpiece  thickness,  laser  spot/wo!lq)iece  surfrce  distance 
and  assist  gas  pressure.  The  influence  of  oitting  path  curvature  radius,  assist  gas  nature  and  gas  nozzle  diameter  was 
negligible,  in  the  given  conditions. 

On  this  basis,  a  complete  fectoial  experiment  CFE  2*  having  N=2^=32  trials,  was  designed,  realised  and  statistically 
analysed.  The  main  objective  of  this  experiment  was  the  building  of  some  linear  polynomial  models  relating  die  S  signiflcant 
frctors,  selected  previously  by  die  randan  balance  experiment  and  3  response  fimctions  of  the  tedmological  system, 
coisidered  as  the  most  representative  for  an  efiScient  indukrial  cutting  process,  namely: 

-  material  removal  rate  Y i  [mmVmin]: 


Y,  =-^i^*S'V-10*[mm’/min] 

(1) 

•  kerf  walls  parallelism  deviation  Y2  [*]: 

V2=l-|[-] 

(2) 
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-  specific  energy  consumption  Y3  [J/mm’]: 
120  Pl 


Y,=- 


[J/mm  ] 


(b+B)-s-v-10* 

Hie  general  shape  of  the  linear  polynomial  model  is; 

Y,  -b.,+|;b„  .x„  •3'.)  -X., .  -i- 

issl  o^a] 


(3) 

(4) 


wiiere  Yj  are  resptmse  fimctians,  Xj j,  Xg  j  -  influence  &ctors  and  bo j,  hi j,  bin  j  -  regression  coefficients. 

Hte  central  point  (basic  levels)  and  variaticxi  intervals  of  the  &ctors  involved  in  the  &ctorial  eiqieriment  (table  2)  were 
established  using  previous  theoretical  and  experimental  results. 


Table  2 


Factor 

parameters 

Codified 
values  of 
&ctors 

Natural  values  of  fiictors 

— 

X2 

[m/min] 

X3 

[mm] 

X4 

[mm] 

Upper  level 

+1 

400 

3 

12 

5 

3 

Lower  lever 

-1 

200 

1 

1.0 

2.6 

1 

Central  point 
(basic  level) 

0 

300 

2 

1.1 

3.8 

2 

Variation 

interval 

AI 

100 

1 

0.1 

1.2 

1 

The  estimated  values  of  linear  regression  coefficients  in  equation  (4),  obtained  on  the  basis  of  STATGRAPHICS 
software,  are  given  in  table  3. 


Table  3 


Regression 

coefficients 

symbols 

Linear  regression  coefficients  values  corresponding  to  natural  values  of  fectors: 

Material  removal  rate  Yi 
[mmVmin] 

Kerf  walls  parallelism 
deviation  Y2  [-] 

Specific  energy  consumption 
Y3  [J/mm^] 

bo 

-671.838 

-1.21596 

59.5229 

b, 

-3.459 

0.00534 

0.0622 

bj 

-369.094 

0.35747 

-10.2917 

b. 

1411.300 

Insignificant 

-35.4375 

b* 

242.943 

0.09135 

-8.4896 

b. 

Insignificant 

Insignificant 

Insignificant 

The  estimation  accuracy  of  regression  coefficients  values  is  very  high  (from  84.45  to  99. 1 1%). 

Using  the  same  STATGRAPHICS  software,  the  polynomial  models  corresponding  sur&ces,  relating  the  above  response 
fimctions  to  most  important  pair  combinations  of  eadsting  influence  ftctors,  were  represented  (fig.  1, 2  ftir  Yi,  fig.  3, 4  fiir  Y2, 
fig.  5, 6  fijT  Y3).  In  aU  tiiese  figures,  unrepresented  influence  &ctors  are  maintained  cm  the  basic  levels  (see  tile  2). 
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3.  CONCLUSIONS 

Analyzing  the  obtained  results  from  the  pdnt  of  view  of  polymettaciydate  gas  jet  assisted,  COrcw  laser  cutting 
optimizati<m,^  the  ensuing  conclusions  could  be  drawn: 

a  major  importance  for  all  studied  response  fimctions  have  laser  power,  cutting  ^>eed  and  workpiece  diickness 
&ctors; 

•  the  developed  algebraic  polynomial  models  of  the  laser  cutting  could  be  utilized  to  looking  ISjr  and  to  find  out 
die  maximiim  and  mintinum  domains  of  given  response  functions; 

•  the  conditions  fiir  an  ideal  laser  cutting  process  -  mairimum  values  of  the  material  removal  rate  and  minimum 
values  of  kerf  walls  parallelism  deviation  and  specific  energy  consumption  could  not  be  simultaneously 
readied. 

However,  generally  speaking,  the  obtained  results  show  ways  to  optimize  the  main  laser  cutting  perfimnance  criteria: 

to  maximize  die  material  removal  rate  (die  experimental  mean  value  was  1625  mm^^iin,  the  maximum  one  - 
3300  mm^Min),  cutting  ^>eed  and  laser  power  must  be  increased; 

to  minimize  the  kerf  walls  parallelism  deviation,  (die  experimental  mean  value  was  0.375,  die  minimum  one  - 
zero),  cutting  speed  and  lasCT  power  must  be  decreased; 

to  minimize  the  specific  energy  consumption,  (the  experimental  mean  value  was  12.7  J/mm^,  the  minimum  one 
-  6.7  J/mm^),  cut^  speed  and  laser  power  must  be  deaeased. 

Moreover,  to  optimize  simultaneously  material  removal  rate  and  specific  energy  consumption,  the  laser  beam  focal  point 
must  be  put  above  the  wtnidng  surfrce  and  die  woriqiiece  thickness  must  be  as  big  as  possible.  On  the  contrary,  best  kerf 
quality,  with  minimum  kerf  walls  parallelism  deviation,  correspond  to  smaller  values  of  wwkpiece  diickness. 

Ihe  obtained  linear  polynomial  models,  vdiidi  are  only  locally  adequate,  could  be  also  used  as  departure  basis  for 
eiqilaing  multi&ctorial  space  with  extreme  searching  method  (sudi  as  steepest  ascent  mediods).  By  diis  way,  the  accurate 
detection  of  extreme  coordinates  become  possible. 
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ABSTRACT 

The  aim  of  the  paper  is  to  optimise  the  microholes  machining,  in  the  case  of  laser  drilling.  The  laser  used  for  experiments 
was  a  Neodim-15  laser.  The  material  used  for  drilling  was  41MoCrll  austenitic  stainless  steel  with  a  1,5  mm  thickness.  As 
parameters  of  the  laser  drilling  process  were  considered:  diaphragm  diameter,  focal  point  position,  focal  length  of  the  lens 
and  laser  pulse  power.  The  objective  functions  were  the  diameter  of  the  microhole  in  the  area  of  the  laser  beam  entrance  in 
material  (Di),  the  diameter  of  the  microhole  in  the  area  where  the  laser  beam  exit  the  material  (De),  respective  their 
tolerances  (Ti  and  Te).  It  was  used  an  complete  factorial  experiment  2\  The  established  mathematical  models  are  useful  in 
finding  the  optimxun  values  of  the  parameters  in  various  combinations,  such  as  the  hole  diameter  to  be  closer  to  the  required 
diameter. 

Keywords:  laser  drilling,  experimental  design,  laser  process  optimisation 

1.  EXPERIMENTAL  CONDITIONS 

The  aim  of  the  paper  is  to  optimise  the  process  which  realise  microholes  broke  through  stainless  steel  41MoCrll 
and  obtention  of  some  orifices  whom  effective  sizes  will  got  smaller  deviations  from  nominal  quatation. 

For  these  experiments  we  used  Neodim  15  laser  instalation  which  functioned  in  pulses.  This  instalation  have 
possibility  to  regulate  the  pulse  power  in  range  of  2,5-12  J. 

The  material  used  for  drilling  was  austenite  stainless  steel,  in  sheets  with  a  1,5  mm  thickness.  Every  experiment 
was  repeated  five  times,  for  a  better  investigation. 

The  extreme  values  were  eliminated  and  the  arithmetic  average  of  the  remaining  three  values  was  used  for  the  next 
stage  of  results  processing. 

The  impulse  power  (Xi),tlie  diaphragm  diameter  (X2),  the  focal  point  position  (X3),and  the  focal  lenght  of  focus 
objective  (X4),were  considered  like  parameters  of  laser  drilling  process. 

The  following  objective  functions  were:  the  diameter  of  the  microhole  in  the  area  of  laser  beam  entrance  in 
material  (Di),  the  diameter  of  the  microhole  in  the  aria  were  the  laser  beam  exit  the  material  (De)  ,respective  their 
tolerances  (Ti  and  Te).’ 


2.  EXPERIMENTAL  DESIGN 

To  avoid  the  measurement  errors  caused  by  melted  material  deposed  on  the  microholes  edges ,  the  samples  were 
first  grinded  and  later  cleaned  in  an  ultrasonic  bath. 

It  was  used  an  complet  factorial  experiment  2'*  with  16  measurements.  For  every  parameter  of  the  process  were 
considered  two  levels.The  values  of  these  two  levels  were  established  in  a  preliminary  set  of  experiments.^ 


Matrix  program  structure _  Tab,l 


Nr.exp. 

X, 

X2 

X3 

X4 

Nr.exp. 

X, 

X2 

X3 

X4 

1 

-1 

-1 

-1 

-1 

9 

-1 

-1 

-1 

+  1 

2 

+1 

-1 

-1 

-1 

10 

+  1 

-1 

-1 

+  1 

3 

-1 

+1 

-1 

11 

-1 

+  1 

-1 

4 

+1 

+1 

-1 

-1 

12 

+  1 

+  1 

-1 

+1 

5 

-1 

-1 

+1 

-1 

13 

4 

-1  1 

+1 

+  1 

6 

+1 

-1 

+1 

-1 

14 

+  1 

-1 

+  1 

+  1 

7 

-1 

+1 

+1 

-1 

15 

-1 

+1 

+1 

+1 

+1 

+1 

+1 

-1 

16 

+  1 

+1 

+  1 

+  1 
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In  this  sense  for  the  laser  pulse  powenestimated  by  voltage  (U)  applied  to  condensers  battery  ,  the  values  were 
2000V  and  2800V;  for  diaphragm  diameter  6  and  9  mm;  for  focal  point  position:0,15  and  0,75  (g-  material  thickness)  and 
for  focal  lenght:  30  and  60  cm. 

The  matrix  program  structure  with  codificated  values,  is  presented  in  table  1  and  the  arithmetic  average  of  the 
response  fimetions  values, determinated  like  above,  are  presented  in  table  2. 


Measurement  results  _  _  Tab.2 


Nr.exp. 

Di  [mm] 

Ti  [mm] 

De  [mm] 

Te  [mm]  Nr.exp  1  Di  [mm] 

Ti  [mm] 

De  [mm] 

Te  [mm] 

1 

0,234 

0,100 

0,060 

0,040 

9 

0.375 

0,186 

0,105 

0,068 

2 

0,229 

0,100 

0,127 

0,130 

10 

0,417 

0,190 

0,159 

0,117 

3 

0,273 

0,097 

0,110 

0,083 

11 

0,437 

0,050 

0,152 

0,095 

4 

0,357 

0,103 

0,132 

0,123 

12 

0,345 

0,150 

0,224 

0,070 

5 

0,410 

0,125 

0,151 

0,105 

13 

0,307 

0,100 

0,095 

0,070 

6 

0,338 

0,170 

0,117 

0,123 

14 

0,396 

0,150 

0,096 

0,085 

7 

0,370 

0,150 

0,162 

0,057 

15 

0,408 

0,073 

0,160 

0,038 

8 

0,478 

0,225 

0,218 

0.115 

16 

0,502 

0,200 

0,246 

0,085 

3.  EXPERIMENTAL  RESULT  AND  THEIR  INTERPRETATION 

The  measurements  results,  were  analysed  with  STATGRAPHICS  program. 

Firstly,  this  program  gave  the  hierarchy  of  processing  parameters,  according  to  their  influence  on  objective 
functions  (Tab.3). 


The  process  parameters  hierarchy_ Tab,3 


Imp. 

order 

Di 

I>e 

Ti 

Te 

Imp. 

order 

Di 

De 

Ti 

Te 

1 

X3 

X2 

X, 

X, 

6 

X4 

X1X2 

X2 

2 

X. 

X, 

X4 

7 

X2X, 

3 

X2 

X,X4 

8 

X,X4 

X3 

4 

X3X, 

X3 

9 

X2 

X2X1 

5 

X, 

X3 

11^^0111: 

10 

X,X4 

X4 

Eei' 

Using  the  general  formula  of  regression  polynom, which  defined  the  response  function: 


y,  bo+  63X2+  ^>3X3+  b4X4^bj2XjX2-^b}3XiX3+b24XiX4+b23X2X3-^b2^2X4-^b34X3X4  (1) 

STATGRAPHICS  make  possible  the  regression  coeficients  calculation,  and  also  polynoms  determination  for  each  of  this 
four  response  functions. 

The  values  of  these  regresions  coefficients  and  also  the  precision  of  mathematical  model  estimation,  established 
with  a  confidence  of  95%,  are  presented  in  table  4. 

Analysing  this  results,  it  can  be  formulated  the  following  conclusions: 

«  for  entering  diameter  of  laser  beam  in  material,  the  greatest  influence  is  caused  by  focal  parameters: 
focal  point  position  (X3)  and  focal  lenght  (X^)]. 

-  for  exit  diameter  (De)  of  laser  beam  ,  the  maximum  influence  is  caused  by  those  parameters  , which 
define  laser  beam  from  energetically  point  of  view’. 

The  microhole  geometry  (in  transversal  section)  is  influenced  firstly,  the  laser  beam  power.  This  thing  results 
from  the  tolerance  size  of  the  entrance  and  the  exit  diameters  of  laser  beam  in  material.  Interaction  between  processing 
parameters,  has  also  a  semnificative  influences  on  these  two  response  functions  (Ti  and  Te). 

For  objective  functions  which  were  analyzed,  it  may  be  represented  : 

-histograms  of  effects; 

-3D  or  2D  dependences  vs.  different  influence  factors. 

Fig.  1,...,  Fig.  12  present  these  dependences,  for  De,  Di,  TeTi. 


300 


X3: po8 i t i on 


X4: focal  I. 
X2: d I aphragm 
X3X4 


XI : power 


2200  2300  2400  2500  2600  2700  2800 


0 


0.2 


0.4 


0.6 


The  regression  coefficients  values  Tab.4 


Coefficient 

Response  function  || 

Di(Yl) 

De(Y2) 

Ti(Y3) 

Te(Y4) 

bo 

0,367250 

0,144625 

0,135563 

0,08775 

b, 

0,015500 

0,020250 

0,025437 

0,01825 

b. 

0,029000 

0,030875 

-0,004562 

0,00450 

b^ 

0,033875 

0,011000 

0,013562 

0,00300 

b4 

0,031125 

0,010000 

0,001812 

0.00925 

bibj 

0,008750 

0.009250 

0.013062 

0,00325 

bibi 

0,011875 

•0,006625 

0,011687 

0,00100 

bib4 

0,001125 

0,006375 

0,009687 

0,00750 

b2b3 

0,009375 

0,010000 

0,017437 

0,00650 

b2b4 

-0,004375 

0,010000 

-0,014562 

0,00200 

b3b4 

-0,029000 

-0,016375 

-0.020187 

0,00600 

Precision  of 
estimation 

75,11  [%] 

91,67  [%] 

93,86  I%] 

73,72  (%] 

4.  CONCLUSIONS 

The  laser  beam  drilling  process  is  used  in  processing  of  metallic  materials  and  ceramics.  The  established 
mathematical  models,  are  useful  in  finding  the  optimum  values  of  the  objective  functions. 

Will  be  prefered  those  processing  systems  which  lead  us  to  a  hi^  productivity. 

This  calculus  methodology  may  be  used  (without  any  difficulty)  for  any  interval  of  processing  parameters  variation, 
changing  the  processing  materials  or  processing  parameters. 
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ABSTRACT 

We  introduce  a  theoretical  model  to  describe  all  the  phenomena  implied  in  the  interaction 
process  between  the  high  intensity  UV  laser  radiation  and  a  solid  target  in  the  ambience  of  a  low- 
pressure  chemically  active  gas.  The  action  of  the  laser  radiation  upon  the  solid  surface  is  simulated  by 
solving  the  1-D  heat  equation.  A  hydrodynamical  one-dimensional  model  was  further  applied  to 
describe  the  interaction  between  the  laser  radiation  and  the  plasma  expanding  in  front  of  the  target. 
The  absorption  of  the  laser  radiation  in  the  vapour  plasma  could  be  considered  with  the  aid  of  a 
multifluid  model.  The  transit  of  the  ablated  atoms  and/or  of  the  new  formed  chemical  compound  was 
approached  with  a  Monte-Carlo  method.  We  could  compute  time  and  space  distribution  of  the  main 
plasma  parameters  (e.g.  the  plasma  density  and  temperature).  We  could  finally  predict  the  thickness 
distribution  of  a  film  deposited  on  a  collector  placed  parallel  to  the  target  at  a  distance  of  (1.5-3)  cm 
range.  The  calculus  was  conducted  for  the  case  of  a  Ti  target  in  low  pressure  nitrogen. 

KEYWORDS  :  pulse  laser  deposition,  laser  generated  plasmas,  TiN 


1.  INTRODUCTION 

The  model  developed  by  us  allows  for  the  simulation  of  the  whole  laser  reactive  ablation  process. 
The  phenomena  occurring  during  this  process  were  simulated  by  solving  equations  governing  the 
heating  ,  melting  and  vaporising  of  the  target. 

The  ionisation  and  heating  process  of  the  vapour  plasma  was  modelled  by  considered 
gasodynamic  equations.  The  ambient  gas  influence  on  laser-target-vapour  interaction  was  considered 
by  using  a  multifluid  hydrodynamic  code. 

The  analysis  of  these  phenomena  was  conducted  on  laser  time  pulse  condition  simplifying  the 
approaching  of  this  question  by  taking  into  accoimt  the  1  -D  case. 

The  profile  of  the  film  on  a  substrate  placed  at  a  distance  Zs  the  initial  target  surface  was 
further  determined  by  solving  the  equation  governing  3-D  vacuum  adiabatic  expansion. 
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2.  LASER  PLASMA  INTERACTION 


Target  heating,  melting  and  vaporisation  process  was  simulated  in  the  same  condition  as  reported 

in  Ref.  '  .The  phenomena  occurring  in  these  regions  are  governed  by  1-D  heat  equation  connected 
with  the  two  Stefan  conditions  for  the  melting  and  vaporisation  fronts,  respectively.  We  assume  the 
existence  of  a  Knudsen  diffusion  layer  between  the  vaporising  front  and  the  initial  target  surface 
across  which  the  state  variables  are  discontinuous. 

The  simplest  and  frequently  used  model  for  the  simulation  of  this  interaction  is  the  gasodynamic 
one.  It  supposes  that  the  plasma  is  an  electrically  neutral  gas,  which  contains  neutral  atoms,  ions  and 
electrons  in  a  local  thermodynamique  equilibrium. 

For  a  time  elapse  of  a  few  ns  duration,  one  can  consider  that  the  temperatures  of  all  components 
are  equal,  i.e.  Te~Ti=^Ta~T  ■  The  laser  radiation  absorption  is  produced  especially  by  inverse 

Bremsstrahlung,  a  process  in  which  an  electron  placed  in  the  field  of  an  ion  or  neutral  atom  absorbs 
one  photon  and  is  accelerated. 

The  absorption  coefficient  of  the  plasma  isKp^  : 

Kp  =  3.69  *  1 0*  (Z^Nf  /  '  )(1  -  exp(-Av  /  KT))  (cm'' ) 

>  (0 

where  Z,  Mi ,  and  T  are  the  average  charge,  ionic  concentration  and  plasma  temperature,  respectively. 
Here  h,  k  are  the  Planck  and  Boltzmann  constants  while  v  stands  for  the  laser  radiation  frequency. 

The  laser  radiation  local  intensity  Ii{z,t)  is  calculated  assuming  the  absorption  law  in  the  form 
of  the  type: 

z 

/(z,0  =  /o(Oexp(-J/:/z  )  (2) 

*1 

where  zt  is  the  plasma-  ambient  gas  boundary. 

Under  these  conditions  it  seems  more  attractive  to  use  a  multifluid  hydrodynamic  code  that 
allows  to  calculate  the  time  evolution  of  the  boundary. 

Unlike  other  similar  numerical  simulations,  in  the  depicted  model,  we  took  into  account  the 
ambient  gas  influence  in  which  the  laser  irradiation  is  conducted,  thus  using  a  multifluid  numerical 
code  CEL  (Coupled  Euler  Lagrange  Code). 

We  assume  that  during  of  the  laser  pulse  (in  the  ns  range)  the  plasma  motion  has  a  plan  1-D 

character.  We  introduce  an  additional  term  O  in  the  energy  variation  equation,  which  represents  the 
absorbed  energy  per  unit  of  time  and  per  unit  of  volume  by  inverse  Bremsstrahlung  absorption.  Than 

the  hydrodynamical  differential  equation  system  ^  becomes: 

{mz^)t  +  {m(Si+P)^  =0, 

(pzJ/  +  (pco)„  =0 ,  (3) 

(EzJ, +(Eco+Pm)^  =z^(i). 
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,  dz  dz 

where:  m  =  pu; CO  =u-zt;z„  = — ;z,  =  — ; 

da  8 1 

respectively. 


p,  u,  P  are  the  gas  density,  velocity  and  pressure, 


3.  THE  ADIABATIC  EXPANSION  OF  THE  VAPOUR  PLASMA 

This  regime  starts  after  the  end  of  the  laser  pulse.  The  thermal  energy  of  the  plasma  is  transformed 
in  the  kinetic  energy  of  a  3-D  expansion.  As  our  analyses  extends  over  a  time  elapse  much  longer  than 
the  laser  pulse  duration,  one  may  consider  that  the  two  phases  of  the  process  are  entirely 
independentfrom  each  other.  The  expansion  process  is  supposed  to  be  1-D  till  for  which  Zi(tu)  keeps 
the  order  of  magnitude  of  the  laser  spot  dimension.  From  this  moment,  we  suppose  that  the  species 
emerging  from  plasma  transit  to  the  collector.  The  transit  of  the  ablated  atoms  and/or  of  the  new  formed 
chemical  compound  molecules  was  described  through  the  intermediary  of  a  Monte-Carlo  simulation. 


4.  RESULT  AND  DISCUSSION 

We  developed  a  programme  which  simulates  the  interaction  process  between  the  laser  radiation 
and  metal  target  in  an  ambient  gas  at  different  pressures.  We  focus  our  analysis  to  the  case  of  a  Ti 
target  in  an  N2  atmosphere.  The  laser  pulse  considered  in  our  simulation  with  the  total  duration  t=20 
ns  (FWHM)  has  a  linearly-increasing  front  of  7.5  ns  followed  by  a  plateau  of  9  ns  and  a  linear- 
decreasing  tail.  After  the  installation  of  the  vaporisation  regime  the  spatial  distribution  of  the  target 
vapour  density  presents  a  maximum  in  the  close  neighbourhood  of  the  initial  target  surface,  i.e.  for 
z  =  30pw.  In  Fig.l  we  present  the  velocity  and  the  atomic  concentrations  distribution,  at  the  end  of 
the  laser  pulse.  We  note  the  following  trends :(i)-the  maximum  vapour  concentration  is  confined  in  a 
zone  close  to  the  target  surface  vicinity,  while  the  vapour  plasma-  ambient  gas  border  is  pushed  up  to 
(125-140)  p  m  from  the  target  surface  (depending  on  the  gas  pressure),  and  (ii)-the  compress  gas  is 
put  into  motion  up  to  a  distance  of  approximate  (250-300)  p  m  from  the  target  (depending  on  the  gas 
pressure).The  influence  of  the  ambient  gas  pressure  upon  the  processes  which  developed  inside  the 
target  is  unsignificant.  This  is  because  the  only  quantity  which  may  be  influenced  by  the  pressure  of 
the  ambient  gas  in  case  of  our  model  is  the  laser  intensity  effectively  reaching  the  target  surface.  This 
represents  a  confirmation  of  the  fact  that  in  the  case  of  UV  laser  irradiation  the  largest  part  of  the 
pulse  energy  is  spent  in  thermal  processes  within  the  target  while  the  absorption  in  vapour  plasma 
keeps  much  lower.  From  the  study  of  Fig.  2,  we  observe  the  existence  of  important  gradients  in  the 
spatial  distribution  of  the  electron  temperature  and  density.  This  forbids  the  application  of  any  models 
based  upon  the  hypothesis  of  an  uniform  plasma  density  and/or  temperature.The  vapour  plasma  is 
characterised  by  a  maximum  temperature  which  is  placed  at  the  plasma-  ambient  gas  border  position. 
This  border  is  moving  fare  a  part  from  the  initial  target  surface  along  with  the  increase  of  the  gas 
pressure.  Such  an  evolution  is  the  effect  of  to  the  confinement  action  exerted  by  the  surrounding  gas 
upon  the  vapour  plasma.  The  influence  of  the  ambient  gas  ((a)  Pa=0.05  mbarr;  (b)  Pa=lmbarr )  upon 
the  zone  in  the  close  vicinity  of  the  target  keeps  unsignificant.The  temperature  of  the  ambient  gas  in 
front  of  the  plasma  border  increases  till  a  maximum  value  which  is  reached  at  the  interface  between 
the  moving  gas-resting  gas. 
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Fig.  1  The  spatial  distributions  of  the  atom  velocity,  u,and  of  the  concentration,  N„  of  the  system 
plasma-gas  ambient,  at  the  end  of  laser  pulse  (Pa=l  mbar),  (E=5J/cm^). 


The  increase  of  the  gas  pressure  affects  in  similar  manner  the  electron  density  -  i.e.  its  maximum 
is  placed  in  the  close  vicinity  of  the  ambient  gas  -  plasma  border.  Unfortunately,  the  plasma 
ionisation  phase  is  not  accessible  to  the  spectroscopic  investigations,  because  the  initial  vapour 
plasma  layer  is  in  the  same  time  quite  small  and  opaque.  It  is  there  for  practically  impossible  to 
compare  the  theoretical  predictions  at  the  end  of  the  laser  pulse  to  direct  experimental  data  (which 
become  generally  available  a  few  ps  latter  on). 

On  the  other  hand,  the  numerical  simulation  becomes  very  difficult  at  time  duration  of  ms  order 
of  magnitude,  due  to  the  very  small  time  discretisation  step  chosen  in  our  computation  scheme.  In 
deed,  when  continuing  the  analysis  for  longer  time  duration  the  round-off  errors  are  amplified  and 
numerical  instabilities  develop  which  make  unreliable  the  results  of  the  computation. 

Unfortunately,  the  plasma  ionisation  phase  is  not  accessible  to  the  spectroscopic  investigations, 
because  the  initial  vapour  plasma  layer  is  in  the  same  time  quite  small  and  opaque.  It  is  there  for 
practically  impossible  to  compare  the  theoretical  predictions  at  the  end  of  the  laser  pulse  to  direct 
experimental  data  (which  become  generally  available  a  few  ps  latter  on).  On  the  other  hand,  the 
numerical  simulation  becomes  very  difficult  at  time  duration  of  ms  order  of  magnitude,  due  to  the 
very  small  time  discretisation  step  chosen  in  our  computation  scheme.  Indeed,  when  continuing  the 
analysis  for  longer  time  duration  the  round-off  errors  are  amplified  and  numerical  instabilities 
develop  which  make  unreliable  the  results  of  the  computation.  These  shortcomings  can  be  avoided 
using  an  implicit  discretisation  scheme.  The  data  obtained  in  this  case  are  in  good  accordance  with 
the  data  obtained  with  other  methods  either  analytical  or  numerical. 

Thus  in  case  of  laser  incident  fluences  in  the  (1-10)  J  /  cm^  range,  the  vapour  plasma  generated 
under  the  action  of  the  UV  laser  radiation  has  an  electron  temperature  lower  that  1 .5  eV.  Let  us  note 
that  such  temperature  are  significantly  smaller  than  those  reached  under  the  action  "of  IR  laser 
radiation  at  similar  levels  of  the  incident  laser  fluence. 
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Fig.  2  The  spatial  distribution  of  electronic  temperature,  Te,  for  (a)  P=0.05  mbar,  (b)  P=1  mbar  and 
the  electron  density,  Ne,  (P=lmbar)  at  the  end  of  laser  pulse  (E=5J/cm^). 

We  further  notice  that  the  depth  of  the  layer  ablated  from  the  target,  which  is  predicted  to  be 
about  0.4  mm,  is  in  reasonable  agreement  with  experimental  determinations.  This  concordance  is 
remarkable  in  the  condition  we  did  not  take  into  account  the  energy  losses  by  conduction,  convection 
and  radiation. We  further  conducted  Monte  Carlo  simulation  in  order  to  obtain  an  estimation  of  the 
thickness  of  the  deposited  layer  (in  particular  TiN)  in  case  of  the  pressure  of  the  pressure  of  the 
ambient  gas  in  the  range  distance  in  the  range  of  (1.5-3)  cm.  We  inferred  the  spatial  profile  of  the 
deposited  fihn.A  key  parameter  strongly  influencing  the  interaction  process  between  the  molecules 
and  atoms  in  the  ablated  flux  with  the  molecules  of  the  ambient  gas  is  the  corresponding  collision 
cross-section.  Details  about  the  synthesis  of  the  TiN  molecule  can  be  find  elsewhere.  If  one  assumes 
that  all  the  Ti  atoms  in  the  ablated  flux  would  effectively  enter  into  a  chemical  reaction  ending  with 
the  formation  of  a  TiN  molecule,  we  expect  deposition  rates  of  0.25  nm/pulse  for  ==50  mbar  and 
Zs=1.5  cm,  and  0.04  nm/pulse  for  =50  mbar  and  2^=3  cm,  respectively.  Those  values  are  no  more 
than  two  time  higher  than  the  values  determinate  experimentally  by  electron  microscopy  in  cross- 
section.  This  more  discrepancy  may  be  due  to  the  supplementary  losses  due  to  the  energy  leaving  the 
interaction  zone  after  reflection  on  the  target  surface  and  twice  crossing  the  vapour-  plasma  cloud 
(which  are  not  considered  in  our  energy  balance).  Also,  the  velocities  (i.e.  the  kinetic  energies)  of  the 
species  in  the  plasma  are  slightly  over  estimated  because  of  the  1-D  expansion  symmetry  assumed  in 
our  computation.  Indeed,  a  radial  expansion  (which  is  a  realistic  assumption)  causes  a  decrease  of  the 
overall  thickness  of  the  deposited  layer.  As  we  observe  from  Fig.3,  the  thickness  of  the  deposited 
layer  strongly  decreases  with  the  increase  of  the  target-collector  separation  distance,  the  most 
probably  according  to  a  h(Zs)~Zs’^  ^  law. 
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We  finally  point  out  that  the  deposition  profile  was  the  best  fitted  by  (cos0)”,  with  n=5 
distribution  law.  Let  us  observe  that  the  value  n=5  is  in  fact  an  intermediate  value  between  the  values 
n=9-12  characteristic  to  the  plasma  expansion  in  vacuum  and  n=2-3  for  the  plasma  evolution  in  a  gas 
at  low  pressure  ((1-10)  Pa). 
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Fig.  3  The  distribution  profile  of  the  deposited  layer  at  a  separation  distance  target-  collector 
of  Zj =1 .5  cm  (a)  and  =3  cm  (b),  (E=5 J/cm^). 


5.  CONCLUSIONS 

We  developed  a  model  which  allows  for  the  description  of  the  PLD  basic  processes  by  taking 
into  account  both  the  phenomena  in  the  target  under  irradiation  as  well  as  in  the  vapour-  plasma 
evolving  in  front  of  it.  The  plasma  expansion  in  gas  was  investigated  with  the  aid  of  a  Monte  Carlo 
simulation  in  order  to  obtain  predictions  of  the  deposition  rate  for  a  given  pressure  of  the  ambient  gas 
and  for  a  chosen  value  of  the  target-  collector  separation  distance. 


6.  REFERENCES 

1 .  J.  Neamtu,  I.  N.  Mihailescu,  “Hydrodynamic  model  for  the  description  of  the  reactive  pulse  laser 
deposition”,  J.Appl.Phys.  (to  be  submitted  ,1997). 

2.  R.  K.  Singh,  J.  Narayan,  “Pulsed-laser  evaporation  technique  for  deposition  of  thin  films  “, 
Phys.Rev.  B  41  (13)  8843-8859  (1990). 

3.  W.  F.  Noh,  Methods  in  computational  Physics,  Vol.  3,  1 17-179  (1964). 

4. 1.  N.  Mihailescu,  E.  Gyorgy,  N.  Chitica,  V.  S.  Teodorescu,  G.  Mavin,  A.  Luches,  A.  Perrone,  M. 
Martino,  J.  Neamtu,  “A  parametric  study  of  the  deposition  of  the  TiN  thin  films  by  laser  reactive 
ablation  of  titanium  targets  in  nitrogen:  the  role  of  the  total  gas  pressure  and  the  contamination  with 
oxides".  Journal  of  Materials  Science  31,  2909-2915  (1996). 


310 


Pulsed  -  laser  and  alpha  particle  irradiation  effects 
in  Fe  -  based  glassy  ferromagnets 

M.I.Toacsan,  D.Barb,  M.Sorescu*,  B.Constantinescu**,  L.  Jeloaica 

National  Institute  for  Materials  Physics,  Bucharest-Magurele 
POB  MG-7,  R  -76900,  Romania 

*Duquesne  University,  Physics  Department,  Pittsburgh,  Pennsylvania  15282 
♦♦National  Institute  "IFIN-HH”,  Bucharest-Magurele,  POB  MG-  6 
R  -  76900,  Romania 


ABSTRACT 

A  comparatively  study  of  pulsed  -  laser  and  alpha  particle  irradiation  effects  in  metallic  glasses  has  been  performed  in 
order  to  understand  the  relationship  between  magnetic  behaviour  and  select  variations  in  the  structural  characteristics  of  alloy 
phases.  Samples  of  Fe78Bi3Si9  and  Fe66Coi8Bi5Si  metallic  glasses  were  irradiated  with  a  pulsed  excimer  laser  (X=308nm, 
x=10ns)  and  alpha  particle  beams  (W  =  2.8  MeV)  using  radiation  doses  of  10^^  and  10*^cm‘^.  Irradiation  -  driven  changes  in 
the  magnetic  anisotropy  and  phase  equilibrium  of  alloy  samples  were  studied  by  Mossbauer  Spectroscopy  and  scanning 
electron  microscopy.  The  evolution  of  phases  and  microstructure  during  the  radiation-induced  amorphous-to-crystalline 
transformations  or  revitrification  depend  on  the  specific  irradiation  and  sample  composition. 


Keywords:  pulsed-excimer-laser  and  a-particle  irradiation,  metallic  glasses,  amorphous  alloys,  Mossbauer 
Spectroscopy,  SEM,  magnetic  anisotropy,  phase  equilibrium. 


1.INTRODUCTION 

Recent  investigations  of  irradiation-induced  effects  in  metallic  glasses  have  been  performed  concerning  to  the 
potential  use  of  amorphous  alloys  as  radiation-resistant  materials.  Thermal  treatments  and  electron  beam  irradiation  studies 
have  shown  that  structural  modifications  in  radiation-exposed  alloys  determine  changes  in  their  soft  magnetic 
proprieties'’^’^.  Cw  laser  irradiation  has  been  found  to  promote  structural  relaxation  and/or  crystallisation  in  amorphous 
ferromagnetic  ribbons.  Different  stress  distributions  have  been  obtained  in  metallic  glasses  as  a  result  of  unhomogeneous  heat 
flows  produced  by  local  laser  annealing.  Pulsed-excimer-laser  irradiation  has  been  suggested  as  an  intriguing  means  the 
controlling  of  magnetic  anisotropy  and  phase  equilibrium  in  amorphous  materials.  Similar  a-particles  beam  irradiation  has  been 
used  as  a  means  of  understand  the  fundamentals  of  nucleation  and  growth  in  amorphous  magnets. 

The  present  study  was  carried  out  in  order  to  investigate  the  effect  of  pulsed  excimer  laser  irradiation  on  Fe-based 
amorphous  alloys  and  compare  it  with  the  effect  of  a-particle  beam  irradiation  on  our  materials. 

In  order  to  understand  the  relationship  between  dielectric  parameters  and  structural  characteristics  of  alloy  phases,  a 
promising  approach  is  to  address  the  phase  evolution  and  microstructure  development  during  various  irradiation  treatments. 
Because  of  its  local-probe  character  Mossbauer  spectra  copy  was  used  to  monitor  the  changes  in  magnetic  anisotropy  and 
phase  composition,  induced  by  employing  different  values  of  the  irradiation  parameters  in  both  treatments  performed.  Related 
morphological  changes  were  examined  by  Scanning  Electron  Microscopy  (SEM).  Irradiation  driven  property  changes  are 
discussed  in  terms  of  phenomenological  models  in  which  the  underlying  alloy  microstructure  played  an  essential  role. 

Amorphous  alloys  Fe78Bi3Si9  (Metglas  2605  TCA)  and  Fe66Coi8Bi5Si  (Metglas  2605  CO)  was  supplied  by  Allied 
Signal  Inc.,  in  the  form  of  (20-40)|im  thick  ribbons  with  the  magnetostriction  values  30  and  35  ppm. 

Square  samples  (2x2  cm)  were  cut  fi-om  foils  and  exposed  on  the  shiny  side  to  the  A,=308nm  radiation  generated  by  a 
XeCl  excimer  laser  (Lambda  Physik),  with  the  pulse  width  t=10ns,  capable  of  giving  an  energy  Wp  =  75  mJ/pulse.  A  single¬ 
pulse  energy  density  of  3J  x  cm‘^,  corresponding  to  a  laser  fluency  Ol  =  5  x  lO'^  photons  cm"^  was  achieved  by  focusing  with  a 
cylindrical  fiised-silica  lens  to  a  spot  size  of  0.5  x  5  mm.  Samples  were  irradiated  with  2,  5,  10  laser  pulses/spot  at  a  repetition 
rate  of  IHz,  at  room  temperature. 
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Thermally  treated  Fe-  and  FeCo-  alloys  were  prepared  by  annealing  the  amorphous  specimens  at  648K  and  723K  for 
Ih.  These  samples  were  further  exposed  to  pulsed-excimer  laser  irradiation  (N=2). 

A  different  set  of  Fe-  and  FeCo-  based  amorphous  magnets  were  subjected  to  radiation  doses  of  10*^  and  10*^  cm.2 
generated  by  the  2.8  MeV  alpha-particle  beam  at  the  National  Institute  ’’IFIN-HH",  Bucharest-Magurele  cyclotron  facility. 

Room  temperature  transmission  Mossbauer  spectra  were  recorded  with  the  y-ray  perpendicular  to  the  ribbon  plane 
using  a  constant  acceleration  spectrometer  (Ranger  Scientific).  The  25-mCi  y-ray  source  was  57Co  diffused  in  Rh  matrix. 
Least  squares  fitting  of  the  Mossbauer  spectra  corresponding  to  the  amorphous,  annealed  and  irradiated  samples  was 
performed  with  the  NORMOS  DIST  program"*  in  the  assumption  of  Lorentzian  line  shapes  The  program  uses  the  constrained 
Hesse-Riibarstsch  method  to  extract  the  hyperfine  field  distributions  and  can  analyse  superpositions  of  the  field  distributions 
and  crystalline  sites.  The  relative  areas  of  the  outer  :  inner  line  pairs  of  the  amorphous  component  were  constrained  to  the  ratio 
3:1.  The  relative  intensities  of  lines  one,  two  and  three  for  each  pattern  were  correlated  to  be  the  same  for  all  crystalline 
subspectra. 

SEM  investigations  were  performed  without  further  surface  preparation,  with  JEOL  electron  microscope  at  25  keV, 
operating  in  the  secondary  electron  emission  mode. 

2.RESULTS  AND  DISCUSSIONS 


Room  temperature  transmission  Mossbauer  spectra  of  the  Fe78Bi3Si9  samples,  in  the  amorphous  as-quenched  state 
and  after  pulsed-excimer-laser  irradiation  (X.=308  nm,  T=10ns)  with  2,  5  and  10  laser  pulses  per  spot  as  a  laser  fluency  of 
5x10**  photons/cm^  and  a  repetition  rate  of  IHz  are  shown  in  Figs.  l(a)-l(d).  The  correrspondig  hyperfine  magnetic  field 
distributions  extracted  from  these  spectra  are  shown  in  Figs  1(A)- 1(D).  The  referred  values  of  the  hyperfine  parameters 
corresponding  to  the  as-quenched  and  pulsed  laser  treated  samples  are  listed  in  Table  1 . 

Room  temperature  Mossbauer  data  show  that  a  rotation  of  the  average  magnetic  moment  direction  from  in-plane  to 
an  out-of-plane  orientation  has  taken  place,  and  maintains  a  upon  increasing  the  number  of  applied  pulses  during  excimer-Iaser 
irradiation.  RT  Mossbauer  spectra  shows  no  significant  variation  during  laser  treatment  performed,  suggesting  the  absence  of 
crystallisation  effects. 


Fig.  1 :  Room  temperature  transmission  Mossbauer  spectra  of 
the  Fe78Bi3Si9  samples: 

(a)  in  the  amorphous  as-quenched  state  and  after  pulsed 
excimer-Iaser  irradiation  X  -  308  nm,  T=10ns,  <t>i  =  5x10** 
photons/cm2,  repetition  rate  IHz  with 

(b)  2  laser  pulses/spot 

(c)  5  laser  pulses/spot 

(d)  10  laser  pulses/spot 

The  corresponding  hyperfine  magnetic  field  distributions  are 
shown  in  (A)-(D). 
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Tablel.  Relative  intensity  of  lines  R21,  average  hyperfine  magnetic  field  <Hhf>,  mean  hyperfine  field 
(Hidm,  width  of  the  hyperfine  magnetic  field  distribution  AHhf  and  total  absorption  area  in  the 
Mdssbauer  spectra  of  the  FeTgBisSig  samples  as  function  of  the  number  of  applied  laser-pulses  N. 


N 

(laser  pulses) 

R21 

<Hh^ 

(kOe) 

IP 

IHSHj' 

■BHI 

Resonant  area 
(a.u.) 

0 

1.11 

251.1 

255.2 

45.5 

0.219 

2 

0.26 

249.5 

255.1 

45.7 

0.220 

5 

0.41 

253.2 

257.3 

46.5 

0.178 

10 

0.43 

251.3 

256.9 

47.6 

0.208 

Errors 

±0.02 

±2.5 

±2.5 

±2.5 

±0.005 

Figs.  2(a)-2(d)  and  Table  2  present  room  temperature  transmission  Mdssbauer  spectra  and  corresponding  data  for 
FeeeCoigBisSi  samples.We  can  observe  a  similar  behaviour  of  Fe-Co  system  with  Fe78Bi3Si9  samples,  but  we  found  a 
hyperfine  magnetic  splitting  of  362. 1  kOe,  corresponding  to  a-(FeCo)  crystalline  phase. 


Table2;  Relative  intensity  of  lines  R21,  average  hyperfine  magnetic  field  <Hhf>,  mean  hyperfine  field  (Hhdm,  width 
of  the  hyperfine  magnetic  field  distribution  AHhf  and  total  absorption  area  in  the  Mdssbauer  spectra  of  the 


N(laser  pulses) 

R21 

<Hhf>(kOe) 

(Hhf)m(kOe) 

AHhf(kOe) 

Resonant  area  (a.u.) 

0 

1.10 

278.8 

283.6 

45.1 

0.496 

2 

0.25 

276.9 

284.5 

47.4 

0.495 

5 

0.31 

277.8 

284.2 

49.6 

10 

0.39 

279.7 

285.8 

49.7 

Errors 

±0.02 

±2.5 

±2.5 

±2.5 

±0.005  1 
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Fig.  2:  Room  temperature  transmission  Mdssbauer  spectra  of 
the  FeseCoigBisSi  samples: 

(a)  in  t}ie  amorphous  as-quenched  state  and  afier 

^3(pimer-l^$^r  irradiation  %  -  3|)3  T=10ns,  <1»L  =  5xl0’® 

photons/pm2>  repetition  rate  IHz  with 

(b)  2  laser  pulses/spot 

(c)  5  laser  pulses/spot 

(d)  10  laser  pulses/^t 

The  corresponding  hyperfine  magnetic  field  distributions  are 
shown  in  (A)-(D). 
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The  partially  ciystallised  samples  (by  thermal  annealing  at  648K  for  Ih)  were  further  exposed  to  Ol  =  5  x  10^* 
photons/cm^,  N  =  2.  The  bulk  Mdssbauer  measurements  show  that  the  composition  of  the  irradiated  Fe-based  specimens  is 
entirely  amorphous  with  a  pronounced  out-of-plane  reorientation  of  the  magnetic  moment  directions  (laser  induced 
magnetic  amsotropiy),  as  indicated  by  R21  values  variations  from  0.82  for  as-annealed  samples  to  0.33  for  the  same  sample 
annealed  and  laser  irradiated. 

A  typical  region  as  an  effect  of  excimer  laser  revitrification  is  shown  in  the  SEM  photograph  (Figs.  3(a)-(b)). 


Fig.  3:  (a)  SEM  photograph  (x  2000)  and  (b)  EDX  examination  of  the  Fe78Bi3Si9  sample  after  thermal  annealing  at 
648  K,  Ih,  followed  by  pulsed-excimer-laser  treatment  (>l=308  nm,  t=10  ns,  d)L=5xl0^®  photons/cm^). 

By  annealing  at  648K  for  Ih,  the  Fe-Co  based  alloys  we  found  a-(FeCo)  and  (FeCo)3(BSi)  ciystalline  phases.  After 
laser  irradiation  only  a-(FeCo)  phase  is  present  in  the  amorphous  matrix  (Figs.  4(a)-4(b)). 


Fig.  4  (a)  SEM  micrograph  of  the  Fe66Coi8Bi5Si  sample,  after  thermal  annealing  at  648K/lh;  (b)  SEM  examination 
of  the  sample  after  thermal  annealing  at  648K  for  Ih  and  subsequent  pulsed-excimer  laser  irradiation  (X.=308  nm,  x=10  ns, 
<1>l=5x10’®  photons/cm^,  repetition  rate  IHz);  (c)  EDX  analysis  of  the  ciystalline  precipitates  observed  in  the  SEM 
photograph  of  the  thermal  annealed  Fe66Coi8Bi5Si  sample. 

On  the  grounds  of  the  values  obtained  for  room  temperature  Mossbauer  parameters  for  Fe-  based  glassy  alloys,  by 
alpha-particle  beam  irradiation  we  found  a-(FeSi),  FcsB  and  FeaB  crystalline  phases  in  equilibrium  with  a  dominant 
amorphous  component.  The  amorphous  phase  was  found  to  be  even  more  abundant  in  specimens  subjected  to  higher 
irradiation  doses.  That  means  that  the  lowest  irradiation  dose  employed  was  more  effective  in  inducing  amorphous-to- 
crystalline  transformations  in  glassy  ferromagnets  (Table  3  and  Figs.  5(a)-5(c)). 
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Tables;  Hyperfine  magnetic  field  Hhf,  isomer  shift  5,  and  relative  areas  corresponding  to  the  component 
patterns  in  the  Mossbauer  spectra  for  the  Fe78Bi3Si9  metallic  glass,  as  a  function  of  the  radiation  dose  <I> 
employed  in  g-particle  irradiation. 

Sample  d)  8  Rel.areas  Assignment  of  sites 

treatment  (cm~^)  (kOe) _ (mm/s) _ (%) 

as:guench^_ _ 0 _ _ 0.0!^ _ ^100.0 _ _ 

irradiated  lO'®  331.5  0.002  7.8  a-(FeSi) 

272.1  0.105  10.9  FesB 

236.1  0.110  39.8  Fe2B 

_ 289.7 _ 0.044 _ 41.5 _ amorphous 

irradiated  lO’’  331.5  0.002  6.1  a-(FeSi) 

272.1  0.105  6.1  FesB 

236.1  0.110  39.3  Fe2B 

295.0  _ 0.015 _ 48.5 _ amorphous 


VELOCITY  (mm/s)  VELOCITY  (mm/s) 


VELOCITY  (mm/s) 


Fig.  5:  Room  temperature  transmission  Mossbauer  spectra  of  the  Fe78Bi3Si9  samples:  (a)  in  the  as-quenched  state  and  (b), 
(c)  after  irradiation  with  a-particle  beams  at  doses  of  and  10^^  cm respectively. 

We  found  a  complete  crystallisation  of  FeCo  based  samples  in  a-(FeCo),  (FeCo)2,  (BSi)  and  (FeCo)3  (BSi) 
crystalline  phases,  respectively,  in  agreement  with  the  results  on  the  phase  transformation  by  thermal  and  pulsed  laser 
annealing. 

Mdssbauer  data  are  presented  in  Table  4  and  room  temperature  transmission  Mossbauer  spectra  are  shown  in  Figs. 
6(a).6(c). 


Fig.  6:  Room  temperature  transmission  M5ssbauer  spectra  of  the  Fe66Coi8Bi5Si  samples:  (a)  in  the  as-quenched 
state  and  (b),  (c)  after  irradiation  with  a-particle  beams  at  doses  of  and  10^^  cm"^,  respectively. 
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Table4:  Hyperfine  magnetic  field  isomer  shift  8,  and  relative  areas  corresponding  to  the  component  patterns 
in  the  Mdssbauer  spectra  for  the  Fe66Coi8Bi5Si  metallic  glass,  as  a  function  of  the  radiation  dose  0  employed  in 


g-particle  irradiation. 


Sample 

treatment 

a> 

(cm-') 

Hhf 

(kOe) 

8 

(mm/s) 

Rel  .areas 
(%) 

Assignment  of  sites 

0 

278.8 

0.03 

100.0 

amorphous 

irradiated 

10'® 

362.9 

0.05 

37.9 

a-(FeCo) 

295.9 

0.11 

38.7 

(FeCo)2(BSi) 

235.5 

0.08 

23.4 

(FeCo)3{BSi) 

irradiated 

10'^ 

362.9 

0.05 

45.2 

a-(FeCo) 

296.7 

0.11 

27.2 

(FeCo)2(BSi) 

234.1 

0.08 

27.6 

(FeCo)3(BSi) 

The  SEM  micrographs  exhibit  spatial  formation  upon  a  irradiation  consisting  in  islands  of  crystalline  precipitates 
depending  on  samples  composition,  with  spherical  shape  for  Fc-based  alloys  (Fig.  7a)  and  dendritical  nucleation  and  growth 
for  FeCo  specimens  (Fig.  7b). 


Fig.  7:  SEM  examination  of  surface  morpholog>^  and  crystalline  phases  produced  by  a-particle  beam  irradiation  at 
irradiation  dose  lO’^/cm^. 

(a)  Fe78Bi3Si9  metallic  glass,  magnification  x  160. 

(b)  Fe66Coi8Bi5Si  sample,  magnification  x  1800. 


3.  CONCLUSIONS 

In  addition  to  inducing  controlled  magnetic  anisotrop}^  the  pulsed^laser-eximer  irradiation  was  shown  to  cause 
revitrification  of  partially  crystallised  Fe  and  FeCo  based  metallic  glass. 

In  totally  crystallised  Fe66Coi8Bi5Si  specimens,  laser-induced  partial  amorphisation  was  shown  to  exhibit  phase 
selectivity  relative  to  the  crystalline  components  in  the  alloy  system. 

The  evolution  of  phases  and  microstructure  during  the  irradiation  amorphous  to  crystalline  transformations  in  iron- 
based  and  iron-cobalt  based  metallic  glasses  exposed  to  a-particle  beams  was  found  to  depend  on  the  irradiation  dose  and 
sample  composition. 

The  interaction  of  pulsed-lase-eximer  and  a-particle  beams  with  glassy  ferromagnets  offer  unique  opportinities  to 
unckrstand  the  fundamentals  of  nucleation  and  growth  in  amorphous  magnets,  due  to  excitation  of  nonconventional  path 
ways  for  the  crystallisation  process. 
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ABSTRACT 

In  this  paper  recent  experiments  performed  in  our  laboratory  are  reviewed  dealing  with  the  investigation  of  quantum 
phenomena  in  the  radiation  interaction  of  single  atoms.  The  first  part  describes  experiments  in  single  mode  cavities  using 
the  one-atom  maser  or  micromaser  and  in  the  second  part  experiments  with  ion  traps  are  summarized.  The  latter  experi¬ 
ments  concentrate  on  the  investigation  of  resonance  fluorescence.  In  addition  new  experimental  proposals  using  ultracold 
atoms  in  cavities  and  traps  are  discussed.  In  those  future  experiments  the  interplay  between  atomic  waves  and  light  waves 
is  important  and  leads  to  new  phenomena  in  radiation-atom  interaction. 

Keywords:  Cavity  quantum  electrodynamics,  micromaser,  microlaser 

1.  INTRODUCTION 

Laser  spectroscopy  techniques  allow  today  to  observe  quantum  phenomena  in  radiation-atom  interaction  on  the  basis  of 
single  atoms.  The  most  suitable  systems  in  this  connection  seem  to  be  single  atoms  in  cavities  and  also  single  atoms  in 
traps.  The  studies  in  cavities  allow  to  select  one  interacting  mode  and  thus  represent  the  ideal  system  with  respect  to  a 
quantum  treatment.  In  high  Q  cavities  a  steady  state  field  of  photons  can  be  generated  displaying  non-classical  photon 
statistics.  It  thus  gets  possible  to  study  the  interaction  also  in  the  limit  of  non-classical  or  sub-Poissonian  fields.  Single 
trapped  ions  allow  to  observe  among  other  phenomena  quantum  jumps  and  antibunching  in  fluorescence  radiation.  In  gen¬ 
eral  the  fluorescent  channel  represents  an  interaction  with  many  modes,  however,  it  is  also  possible  to  combine  single  mode 
cavities  with  trapped  atoms  as  it  is  e.g.  the  case  in  the  proposed  ion-trap  laser.  In  such  a  setup  many  new  phenomena  not 
observable  in  the  one-atom  maser  get  accessible. 

A  new  and  interesting  twist  in  radiation-atom  interaction  can  be  added  when  ultracold  atoms  are  used  in  both  cavities 
and  traps.  In  this  case  the  distribution  of  the  matter  wave  plays  an  important  role  besides  the  standing  electromagnetic 
wave  in  the  cavity  and  their  interaction  is  determined  by  their  respective  overlap  leading  to  new  effects. 

In  the  following  we  will  review  experiments  of  single  atoms  in  cavities  and  traps  performed  in  our  laboratory.  Further¬ 
more  new  proposals  for  experiments  with  ultracold  atoms  will  be  discussed.  We  start  with  the  discussion  of  the  one-atom 
maser. 


2.  EXPERIMENTS  WITH  THE  ONE  ATOM  MASER 

The  one-atom  maser  or  micromaser  uses  a  single  mode  of  a  superconducting  niobium  cavity.'*^  In  the  experiments  val¬ 
ues  of  the  quality  factor  as  high  as  3  x  10*°  have  been  achieved  for  the  resonant  mode,  corresponding  to  an  average  lifetime 
of  a  photon  in  the  cavity  of  0.2  s.  The  photon  lifetime  is  thus  much  longer  than  the  interaction  time  of  an  atom  with  the 
maser  field;  during  the  atom  passes  through  the  cavity  the  only  change  of  the  cavity  field  that  occurs  is  due  to  the  atom- 
field  interaction.  Contrary  to  other  strong  coupling  experiments  in  cavities  (optical  or  microwave),  see  e  g.  H.  J.  Kimble  et 
al.^  for  a  comparison  between  the  different  setups,  it  is  possible  with  our  micromaser  to  generate  a  steady  state  field  in  the 
cavity  which  has  nonclassical  properties  so  that  the  interaction  of  single  atoms  in  those  fields  can  be  investigated.  Fur¬ 
thermore  the  generation  process  of  those  fields  has  been  studied  and  is  well  understood.  The  experiment  is  quite  unique  in 
this  respect;  this  also  holds  in  comparison  with  the  one-atom  laser^  which  has  been  omitted  in  Ae  survey  given  in  Table  1 
of  Ref  5. 

The  atoms  used  in  our  micromaser  experiments  are  rubidium  Rydberg  atoms  pumped  by  laser  excitation  into  the  upper 
level  of  the  maser  transition,  which  is  usually  induced  between  neighboring  Rydberg  states.  In  the  experiments  the  atom- 
field  interaction  is  probed  by  observing  the  population  in  the  upper  and  lower  maser  levels  after  the  atoms  have  left  the 
cavity.  The  field  in  the  cavity  consists  only  of  single  or  a  few  photons  depending  on  the  atomic  flux.  Nevertheless,  it  is 
possible  to  study  the  interaction  in  considerable  detail.  The  dynamics  of  the  atom-field  interaction  treated  with  the  Jaynes- 
Cummings  model  was  investigated  by  selecting  and  varying  the  velocity  of  the  pump  atoms.^  The  counting  statistics  of  the 
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Fig.  1.  Mean  value  of  v  =  n/Ncx  versus  the  pump  parameter  ©  =  Qt^t  ^ex  where  the  value  of  0  is  changed  via  Ncx. 
The  solid  line  represents  the  micromaser  solution  for  Q  =  36  kHz,  tint  =  35  |is,  and  temperature  T  =  0.15  K.  The  dotted 
lines  are  semiclassical  steady-state  solutions  corresponding  to  fixed  stable  gain=loss  equilibrium  photon  numbers.*'*  The 
crossing  points  between  a  line  ©  =  const  and  the  dotted  lines  correspond  to  the  values  where  minima  in  the  Fokker-Planck 
potential  V(v)  occur. 


pump  atoms  emerging  from  the  cavity  allowed  us  to  measure  the  non-classical  character  of  the  cavity  field^**^  predicted  by 
the  micromaser  theory.  The  maser  field  can  be  investigated  in  this  way  since  there  is  entanglement  between  the  maser  field 
and  the  state  in  which  the  atom  leaves  the  cavity.’*^  It  also  has  been  observed  that  under  suitable  experimental  conditions 
the  maser  field  exhibits  metastability  and  hysteresis.®  The  first  of  the  maser  experiments  have  been  performed  at  cavity 
temperatures  of  2  or  0.5  K.  In  the  more  recent  experiments  the  temperature  was  reduced  to  roughly  0.1  K  by  using  an  im¬ 
proved  setup  in  a  dilution  refrigerator.®  For  a  review  of  the  previous  work  see  Raithel  et  al.** 

In  the  following  we  give  a  brief  review  of  recent  experiments  which  deal  with  the  observation  of  quantum  jumps  of  the 
micromaser  field®  and  with  the  observation  of  atomic  interferences  in  the  cavity.*^  New  experiments  on  the  correlation  of 
atoms  after  the  interaction  with  the  cavity  field  will  be  briefly  mentioned.  We  will  also  discuss  new  possibilities  opened  up 
when  ultracold  atoms  are  used  for  the  experiments. 

2.1  Quantum  jumps  and  atomic  interferences  in  the  micromaser 

Under  steady-state  conditions,  the  photon  statistics  P(n)  of  the  field  of  the  micromaser  is  essentially  determined  by  the 
pump  parameter,  ®  =  /2.**‘*^  Here,  Nex  is  the  average  number  of  atoms  that  enter  the  cavity  during  tcav,  ^  the 

vacuum  Rabi  flopping  frequency,  and  t^t  is  the  atom-cavity  interaction  time.  The  quantity  <v)  =  (n)  /  shows  the  follow¬ 

ing  generic  behavior  (see  Fig.  1):  It  suddenly  increases  at  the  maser  threshold  value  ©  =  1,  and  reaches  a  maximum  for  ©  « 
2  (denoted  by  A  in  Fig.  1).  At  threshold  the  characteristics  of  a  continuous  phase  transition*^  *^  are  displayed.  As  ©  further 
increases,  <v)  decreases  and  reaches  a  minimum  at  ©  « In,  and  then  abruptly  increases  to  a  second  maximum  (B  in  Fig,  1). 
This  general  type  of  behavior  recurs  roughly  at  integer  multiples  of  2n,  but  becomes  less  pronounced  with  increasing  ©. 
The  reason  for  the  periodic  maxima  of  (v)  is  that  for  integer  multiples  of  ©  =  27c  the  pump  atoms  perform  an  almost  integer 
number  of  full  Rabi  flopping  cycles,  and  start  to  flip  over  at  a  slightly  larger  value  of  ©,  thus  leading  to  enhanced  photon 
emission.  The  periodic  maxima  in  (v)  for  ©  =  2  ti,  4  ti  ,  and  so  on  can  be  interpreted  as  first-order  phase  transitions.*^’*^ 
The  field  strongly  fluctuates  for  all  phase  transitions  being  caused  by  the  presence  of  two  maxima  in  the  photon  number 
distribution  P(n)  at  photon  numbers  ni  and  nh(ni  <  Uh). 

The  phenomenon  of  the  two  coexisting  maxima  in  P(n)  was  also  studied  in  a  semiheuristic  Fokker-Planck  (FP)  ap¬ 
proach.*^  There,  the  photon  number  distribution  P(n)  is  replaced  by  a  probability  function  P(v,t)  with  continuous  variables 
T  =  t/Xcav  and  v(n)  “  n/Nex,  the  latter  replacing  the  photon  number  n.  The  steady-state  solution  obtained  for  P(v,  t),  t  »  1, 
can  be  constructed  by  means  of  an  effective  potential  V(v)  showing  minima  at  positions  where  maxima  of  P(v,  x),  x  »  1,  are 
found.  Close  to  ©  =  27t  and  multiples  thereof,  the  effective  potential  V(v)  exhibits  two  equally  attractive  minima  located 
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Fig.  2.  Sketch  of  the  experimental  setup.  The  rubidium  atoms  emerge  from  an  atomic  beam  oven  and  are  excited  at  an 
angle  of  82°  at  location  A.  After  interaction  with  the  cavity  field,  they  enter  a  state-selective  field  ionization  region,  where 
channeltrons  1  and  2  detect  atoms  in  the  upper  and  lower  maser  levels,  respectively.  A  small  fraction  of  the  UV  radiation 
passes  through  an  electro-optic  modulator  (EOM),  which  generates  sidebands  of  the  UV  radiation.  The  blueshifted  side¬ 
band  is  used  to  stabilize  the  frequency  of  the  laser  onto  the  Doppler-free  resonance  monitored  with  a  secondary  atomic 
beam  produced  by  the  same  oven  (location  B). 


at  stable  gain-loss  equilibrium  points  of  maser  operation*'*  (see  Fig.  1).  The  mechanism  at  the  phase  transitions  mentioned 
is  always  the  same:  A  minimum  of  V(v)  loses  its  global  character  when  ©  is  increased,  and  is  replaced  in  this  role  by  the 
next  one.  This  reasoiung  is  a  variation  of  the  Landau  theory  of  first-order  phase  transitions,  with  Jy  being  the  order  pa¬ 
rameter.  This  analogy  actually  leads  to  the  notion  that  in  the  limit  Kx  ^  oo  the  change  of  the  micromaser  field  around 
integer  multiples  ©  =  27i  can  be  interpreted  as  first-order  phase  transitions. 

Close  to  first-order  phase  transitions  long  field  evolution  time  constants  are  expected.  This  phenomenon  was  ex¬ 
perimentally  demonstrated  in  Ref  9,  as  well  as  related  phenomena,  such  as  spontaneous  quantum  jumps  between  equally 
attractive  minima  of  V(v),  bistability,  and  hysteresis.  Some  of  those  phenomena  are  also  predicted  in  the  two-photon  mi- 
cromaser,*^  for  which  qualitative  evidence  of  first-order  phase  transitions  and  hysteresis  is  reported. 

The  experimental  setup  used  is  shown  in  Fig.  2.  It  is  similar  to  that  described  by  Rempe  and  Walther^  and  Benson, 
Raithel  and  Walther.^  As  before,  ®^Rb  atoms  were  used  to  pump  the  maser.  They  are  excited  from  the  5Si/2,  F  =  3  ground 
state  to  63P3/2,  mj  =  ±  1/2  states  by  linearly  polarized  light  of  a  frequency-doubled  c.w.  ring  dye  laser.  The  polarization  of 
the  laser  light  is  linear  and  parallel  to  the  likewise  linearly  polarized  maser  field,  and  therefore  only  Amj  =  0  transitions  are 
excited.  Superconducting  niobium  cavities  resonant  with  the  transition  to  the  61  D3/2,  mj  =  ±  1/2  states  were  used;  the  cor¬ 
responding  resonance  frequency  is  21.506  GHz.  The  experiments  were  performed  in  a  dilution  refrigerator  with 

cavity  temperatures  T  «  0. 15  K.  The  cavity  Q  values  ranged  from  4  x  lO’  to  8  x  10^.  The  velocity  of  the  Rydberg  atoms  and 
thus  their  interaction  time  t^t  with  the  cavity  field  were  preselected  by  exciting  a  particular  velocity  subgroup  with  the  laser. 
For  this  purpose,  the  laser  beam  irradiated  the  atomic  beam  at  an  angle  of  approximately  82°.  As  a  consequence,  the  UV 
laser  light  (linewidth  «  2  MHz)  is  blueshifted  by  50-200  MHz  by  the  Doppler  effect,  depending  on  the  velocity  of  the  atoms. 

Information  on  the  maser  field  and  interaction  of  the  atoms  in  the  cavity  can  be  obtained  solely  by  state-selective  field 
ionization  of  the  atoms  in  the  upper  or  lower  maser  level  after  they  have  passed  through  the  cavity.  For  different  tint  the 
atomic  inversion  has  been  measured  as  a  fimetion  of  the  pump  rate  by  comparing  the  results  with  micromaser  theory, 
the  coupling  constant  Q  is  found  to  be  Q  =  (40  ±  10)  krad/s. 

Depending  on  the  parameter  range,  essentially  three  regimes  of  the  field  evolution  time  constant  Xfieid  can  be  distin¬ 
guished.  Here  we  only  discuss  the  results  for  intermediate  time  constants.  The  maser  was  operated  under  steady-state  con¬ 
ditions  close  to  the  second  first-order  phase  transition  (C  in  Fig.  1).  The  interaction  time  was  tint  =  47  ps  and  the  cavity 
decay  time  Xcav  =  60  ms.  The  value  of  N^x  necessary  to  reach  the  second  first-order  phase  transition  was  Nex «  200.  For  these 
parameters,  the  two  maxima  in  P(n)  are  manifested  in  spontaneous  jumps  of  the  maser  field  between  the  two  maxima  with 
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Fig.  3.  Quantum  jumps  between  two  equally  stable  operation  points  of  the  maser  field.  The  channeltron  counts  are  plotted 
versus  time  (CTl  =  upper  state  and  CT2  =  lower  state  signals).  The  signals  of  the  two  different  detectors  show  a  counter¬ 
phase  behavior;  this  m^es  it  easy  to  discriminate  between  signal  and  noise. 


a  time  constant  of  «  5  s.  This  fact  and  the  relatively  large  pump  rate  led  to  the  clearly  observable  field  jumps  shown  in  Fig. 

3.  Because  of  the  large  cavity  field  decay  time,  the  average  number  of  atoms  in  the  cavity  was  still  as  low  as  0.17.  The  two 
discrete  values  for  the  counting  rates  correspond  to  the  metastable  operating  points  of  the  maser,  which  correspond  to  «  70 
and  «  140  photons.  In  the  FP  description,  the  two  values  correspond  to  two  equally  attractive  minima  in  the  FP  potential 
V(v).  If  one  considers,  for  instance,  the  counting  rate  of  lower-state  atoms  (CT2  in  Fig.  3),  the  lower  (higher)  plateaus 
correspond  to  time  intervals  in  the  low  (high)  field  metastable  operating  point.  If  the  actual  photon  number  distribution  is 
averaged  over  a  time  interval  containing  many  spontaneous  field  jumps,  the  steady-state  result  P(n)  of  the  micromaser 
theory  is  recovered. 

In  the  parameter  ranges  where  switching  occurs  much  faster  than  in  the  case  shown  in  Fig.  3  the  individual  jumps  can¬ 
not  be  resolved,  therefore  different  methods  have  to  be  used  for  the  measurement.  Furthermore  hysteresis  is  observed  at  the 
maser  parameters  for  which  the  field  jumps  occur.  Owing  to  lack  of  space  these  results  cannot  be  discussed  here.  For  a 
complete  survey  on  the  performed  experiments  it  is  referred  to  Ref  9. 

As  next  topic  we  would  like  to  discuss  the  observation  of  atomic  interferences  in  the  micromaser.'®  Since  a  non-classical 
field  is  generated  in  the  maser  cavity,  we  were  able  for  the  first  time  to  investigate  atomic  interference  phenomena  under 
the  influence  of  non-classical  radiation;  owing  to  the  bistable  behavior  of  the  maser  field  the  interferences  display  quantum 
jumps,  thus  the  quantum  nature  of  the  field  gets  directly  visible  in  the  interference  fringes.  Interferences  occur  since  a  co¬ 
herent  superposition  of  dressed  states  is  produced  by  mixing  the  states  at  the  entrance  and  exit  holes  of  the  cavity.  Inside 
the  cavity  the  dressed  states  develop  differently  in  time,  giving  rise  to  Ramsey-lype  interferences'®  when  the  maser  cavity  is 
tuned  through  resonance. 

The  setup  used  in  the  experiment  is  identical  to  the  one  described  before.^  However,  the  flux  of  atoms  through  the  cavity 
is  by  a  factor  of  5  -  10  higher  than  in  the  previous  experiments,  where  the  63  P3/2  -  61  D5/2  transition  was  used.  For  the 
experiments  the  Q-value  of  the  cavity  was  6  x  10^  corresponding  to  a  photon  decay  time  of  42  ms. 

Figure  4  shows  the  standard  maser  resonance  in  the  uppermost  plot  which  is  obtained  when  the  resonator  frequency  is 
tuned.  At  large  values  of  Nex  (Nex  >  89)  sharp,  periodic  structures  appear.  These  typically  consist  of  a  smooth  wing  on  the 
low-frequency  side,  and  a  vertical  step  on  the  high-frequency  side.  The  clarity  of  the  pattern  rapidly  decreases  when  Nex 
increases  to  190  or  beyond.  We  will  see  later  that  these  structures  have  to  be  interpreted  as  interferences.  It  can  be  seen  that 
the  atom-field  resonance  frequency  is  red-shifted  with  increasing  N^x,  the  shift  reaching  200  kHz  for  Nex  =  190.  Under 
these  conditions  there  are  roughly  100  photons  on  the  average  in  the  cavity.  The  large  red-shift  cannot  be  explained  by  AC 
Stark  effect,  which  for  100  photons  would  amount  to  about  one  kHz  for  the  transition  used.  Therefore  it  is  obvious  that 
other  reasons  must  be  responsible  for  the  observed  shift. 

It  is  known  from  previous  maser  experiments  that  there  are  small  static  electric  fields  in  the  entrance  and  exit  holes  of 
the  cavity.  It  is  supposed  that  this  field  is  generated  by  patch  effects  at  the  surface  of  the  niobium  metal  caused  by  rubidium 
deposits  caused  by  the  atomic  beam  or  by  microciystallites  formed  when  the  cavities  are  tempered  after  machining.  The 
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Fig.  4.  Shift  of  the  maser  resonance  63  P3/2  -  61  D5/2  for  fast  atoms  (tmt  =  35  ^is).  The  upper  plot  shows  the  maser  line  for 
low  pump  rate  (Ncx  <  l).The  FWHM  linewidth  (50  kHz)  sets  an  upper  limit  of  «  5  mV/cm  for  the  residual  electric  stray 
fields  in  the  center  of  the  cavity.  The  lower  resonance  lines  are  taken  for  the  indicated  large  values  of  Nex-  The  plots  show 
that  the  center  of  the  maser  line  shifts  by  about  2  kHz  per  photon.  In  addition,  there  is  considerable  field-induced  line 
broadening  which  is  approximately  proportional  to  For  Nex  >  89  the  lines  display  periodic  structures,  which  are 
discussed  in  the  text. 

tempering  process  is  necessary  to  achieve  high  quality  factors.  The  influence  of  those  stray  fields  is  only  observable  in  the 
cavity  holes;  in  the  center  of  the  cavity  they  are  negligible  owing  to  the  large  atom-wall  distances. 

When  the  interaction  time  t^t  between  the  atoms  and  the  cavity  field  is  increased  the  interference  structure  disappears 
for  tint  >  47  ps.'®  This  is  due  to  the  fact  that  there  is  no  non-adiabatic  mixing  any  more  between  the  substates  when  the 
atoms  get  too  slow. 

In  order  to  understand  the  observed  structures,  the  Jaynes-Cummings  dynamics  of  the  atoms  in  the  cavity  has  to  be 
analyzed.  This  treatment  is  more  involved  than  that  in  connection  with  previous  experiments,  since  the  higher  maser  field 
requires  detailed  consideration  of  the  field  in  the  peripheiy  of  the  cavity,  where  the  additional  influence  of  stray  electric 
fields  is  more  important. 

The  usual  formalism  for  the  description  of  the  coupling  of  an  atom  to  the  radiation  field  is  the  dressed  atom  approach,'^ 
leading  to  splitting  of  the  coupled  atom-field  states,  depending  on  the  vacuum  Rabi-flopping  frequency  Q,  the  photon  num¬ 
ber  n,  and  the  atom-field  detuning  5.  We  face  a  special  situation  at  the  entrance  and  exit  holes  of  the  cavity.  There  we  have 
a  position-dependent  variation  of  the  cavity  field,  as  a  consequence  of  which  Q  is  position-dependent.  An  additional  varia¬ 
tion  results  from  the  stray  electric  fields  in  the  entrance  and  exit  holes.  Owing  to  the  Stark-effect  these  fields  lead  to  a  posi¬ 
tion-dependent  atom-field  detuning  5. 

The  Jaynes-Cummings-Hamiltonian  only  couples  pairs  of  dressed  states.  Therefore,  it  is  sufficient  to  consider  the  dy¬ 
namics  within  such  a  pair.  In  our  case,  prior  to  the  atom-field  interaction  the  system  is  in  one  of  the  two  dressed  states.  For 
parameters  corresponding  to  the  periodic  substructures  in  Fig.  4  the  dressed  states  are  mixed  only  at  the  beginning  of  the 
atom-field  interaction  and  at  the  end.  The  mixing  at  the  beginning  creates  a  coherent  superposition  of  the  dressed  states. 
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Afterwards  the  system  develops  adiabatically,  whereby  the  two  dressed  states  accumulate  a  differential  dynamic  phase  <I> 
which  strongly  depends  on  the  cavity  frequency.  The  mixing  of  the  dressed  states  at  the  entrance  and  exit  holes  of  the  cav¬ 
ity,  in  combination  with  the  intermediate  adiabatic  evolution,  generates  a  situation  similar  to  a  Ramsey  two-field  interac¬ 
tion. 

The  mavimiim  differential  dynamic  phase  <1>  solely  resulting  from  dressed-state  coupling  by  the  maser  field  is  roughly 
471  under  the  experimental  conditions  used  here.  This  is  not  sufficient  to  explain  the  interference  pattern  of  Fig.  4,  where 
we  have  at  least  six  maxima  corresponding  to  a  differential  phase  of  12  n.  This  means  that  an  additional  energy  shift  dif¬ 
ferently  affecting  upper  and  lower  maser  states  is  present.  Such  a  phenomenon  can  be  caused  by  the  above  mentioned  small 
static  electric  fields  present  in  the  holes  of  the  cavity.  The  static  field  causes  a  position-dependent  detuning  8  of  the  atomic 
transition  from  the  cavity  resonance;  as  a  consequence  we  get  an  additional  differential  dynamic  phase  <I>.  In  order  to  inter¬ 
pret  the  periodic  substructures  as  a  result  of  the  variation  of  <t>  with  the  cavity  frequency,  the  phase  <I»  has  to  be  calculated 
from  the  atomic  dynamics  in  the  maser  field. 

The  quantitative  calculation  can  be  performed  on  the  basis  of  the  micromaser  theory.  The  calculations  reproduce  the 
experimental  finding  that  the  maser  line  shifts  to  lower  firequencies  when  Nex  is  increased.'®  The  mechanism  for  that  can  be 
explained  as  follows:  the  high-frequency  edge  of  the  maser  line  does  not  shift  with  N^x  at  all,  since  this  part  of  the  reso¬ 
nance  is  produced  in  the  central  region  of  the  cavity,  where  practically  no  static  electric  fields  are  present.  The  low- 
frequency  cutoff  of  the  structure  is  determined  by  the  location  where  the  mixing  of  the  dressed  states  occurs.  With  decreas¬ 
ing  cavity  frequency  those  points  shift  closer  to  the  entrance  and  exit  holes,  with  the  difference  between  the  particular  cav¬ 
ity  frequency  and  file  unperturbed  atomic  resonance  frequency  giving  a  measure  of  the  static  electric  field  at  the  mixing 
locations.  Closer  to  the  holes  the  passage  behavior  of  the  atoms  through  the  mixing  locations  gets  non-adiabatic  for  the 
following  reasons:  firstly,  the  maser  field  strength  reduces  towards  the  holes.  This  leads  to  reduced  repulsion  of  the  dressed 
states.  Secondly,  the  stray  electric  field  strongly  increases  towards  the  holes.  This  implies  a  larger  differential  slope  of  the 
dressed  state  energies  at  the  mixing  locations,  and  therefore  leads  to  a  stronger  non-adiabatic  passage.  At  the  same  time  the 
observed  signal  extends  further  to  the  low  frequency  spectral  region.  Since  the  photon  emission  probabilities  are  decreasing 
towards  lower  frequencies  their  behavior  finally  defines  the  low-frequency  boundary  of  the  maser  resonance  line.  With 
increasing  Nex  the  photon  number  n  increases.  As  for  larger  values  of  n  the  photon  emission  probabilities  get  larger,  also  an 
increasing  Nex  leads  to  an  extension  of  the  range  of  the  signal  to  lower  frequencies.  This  theoretical  expectation  is  in 
agreement  with  the  experimental  observation. 

In  the  experiment  it  is  also  found  that  the  maser  line  shifts  towards  lower  frequencies  with  increasing  tim  This  result 
also  follows  from  the  developed  model:  the  red-shift  increases  with  tint  since  a  longer  interaction  time  leads  to  a  more  adia¬ 
batic  behavior  in  the  same  way  as  a  larger  Nex  does. 

The  calculations  reveal  that  on  the  vertical  steps  displayed  in  the  signal  the  photon  number  distribution  has  two  dis¬ 
tinctly  separate  maxima  similar  to  those  observed  at  the  phase  transition  points  discussed  above.  Therefore,  the  maser  field 
should  exhibit  hysteresis  and  metastability  under  the  present  conditions  as  well.  The  hysteresis  indeed  shows  up  when  the 
cavity  frequency  is  linearly  scanned  up  and  down  with  a  modest  scan  rate.'®  When  the  maser  is  operated  in  steady-state  and 
the  cavity  frequency  is  fixed  to  the  steep  side  of  one  of  the  fringes  we  also  observe  spontaneous  jumps  of  the  maser  field 
between  two  metastable  field  states. 

The  calculations  also  show  that  on  the  smooth  wings  of  the  more  pronounced  interference  fringes  the  photon  munber 
distribution  P(n)  of  the  maser  field  is  strongly  sub-Poissonian.  This  leads  us  to  the  conclusion  that  we  observe  Ramsey-type 
interferences  induced  by  a  non-classical  radiation  field.  The  sub-Poissonian  character  of  P(n)  results  from  the  fact  that  on 
the  smooth  wings  of  the  fringes  the  photon  gain  reduces  when  the  photon  munber  is  increased.  This  feedback  mechanism 
stabilizes  the  photon  number  resulting  in  a  sub-Poissonian  photon  distribution. 

2.2  Entanglement  in  the  micromaser 

Owing  to  the  interaction  of  the  Rydberg  atom  with  the  maser  field  there  is  an  entanglement  between  field  and  state  in 
which  a  particular  atom  is  leaving  the  cavity.  This  entanglement  was  studied  in  several  papers,  see  e.g.  Refs.  18  and  8. 
Furthermore  there  is  a  conelation  between  the  states  of  the  atoms  leaving  the  cavity  subsequently.  If.  e.g.  atoms  in  the 
lower  maser  level  are  studied'®  an  anticorrelation  is  observed  in  a  region  for  the  pump  parameter  ©  where  sub-Poissonian 
photon  statistics  is  present  in  the  maser  field.  Recently  measurements^®  of  these  pair  correlations  have  been  performed 
giving  a  rather  good  agreement  with  the  theoretical  predictions  by  Briegel  et  al.^'  The  pair  correlations  disappear  when  the 
time  interval  between  subsequent  atoms  get  larger  than  the  storage  time  of  a  photon  in  the  cavity. 
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Fig.  5.  Emission  probability  for  (a)  thermal  atoms  with  k/K  =  10  versus  the  interaction  time  fix  and  (b)  ultracold  atoms 
with  k/K  =  0. 1  versus  the  interaction  length  kL,  and  the  corresponding  repulsive  (dashed)  and  attractive  (dotted)  atom-field 
potential.  The  constant  k  is  defined  by  (hvi)^  /  2m  =  Kl. 


2.3  The  one-atom  maser  and  ultracold  atoms 

In  the  following  chapter  we  discuss  the  case  that  the  micromaser  is  ptunped  by  ultracold  atoms;  in  this  limit  the  center 
of  mass  motion  has  to  be  treated  quantum  mechanically,  especially  when  the  kinetic  energy  (ftk)^  /  2M  of  the  atoms  is  of 
the  same  order  or  smaller  than  the  atom-field^^  interaction  energy  iiCi. 

For  simplicity,  we  here  consider  the  situation  where  an  atom  in  the  excited  state  |  e  >  is  incident  upon  a  cavity  that  con¬ 
tains  n  photons  so  that  the  combined  atom-field  system  is  described  by  the  state  1  e,n>  =  (I  Y  >  + 1  y  ■+, » The  dressed- 
state  components  |  yJ+,  >  and  |  y  ),  which  are  the  eigenstates  of  the  atom-field  interaction  Hamiltonian,  encounter  differ¬ 
ent  potentials  giving  rise  to  different  reflection  and  transmission  of  the  atom.  Appropriate  relative  phase  shifts  between  the 
dressed-state  components  during  the  atom-field  interaction  may  result  in  the  state  (|  y  ;5+, )  -  |  y  ;+, ))  / =  1  g,  n+ 1 ),  which 
corresponds  to  the  emission  of  a  photon  and  a  transition  to  the  lower  atomic  level  |  g  >•  Likewise,  changes  in  the  relative 
reflection  and  transmission  amplitudes  may  lead  to  a  de-excitation  of  the  atom. 

For  thermal  atoms,  the  emission  probability  shown  in  Fig.  5  displays  the  usual  Rabi  oscillations  as  a  function  of  the 
interaction  time  x.  For  very  slow  atoms,  however,  the  emission  probability  is  a  function  of  the  interaction  length  L  and 
shows  resonances  such  as  the  ones  observed  in  the  intensity  transmitted  by  a  Fabiy-Perot  resonator.  The  resonances  occur 
when  the  cavity  length  is  an  integer  multiple  of  half  the  de  Broglie  wavelength  of  the  atom  inside  the  potential  well. 

Figure  6  illustrates  the  reflection  and  transmission  of  the  atom  for  a  cavity  whose  mode  function  is  a  mesa  function, 
which  approximates  the  lowest  TM  mode  of  a  cylindrical  cavity.  For  very  cold  atoms,  the  dressed-state  component  that 
encounters  the  potential  barrier  is  always  reflected.  In  general,  the  other  dressed-state  component  is  also  reflected  at  the 
well.  The  situation  changes  dramatically  if  the  cavity  length  is  an  integer  multiple  of  half  the  de  Broglie  wavelength.  In  this 
case,  the  |  y;;+,  >  is  completely  transmitted,  which  implies  a  50  %  transmission  probability  for  the  atom.  A  detailed  calcula- 
tion“  shows  that  in  such  a  situation  the  emission  probability  for  a  photon  is  1/2  for  each  of  the  two  dressed-state  compo¬ 
nents,  yielding  an  overall  emission  probability  Penm.ion=  1/2. 
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Fig.  6.  Reflection  and  transmission  of  the  atoms  at  the  potential  barrier  for  the  lyj+i )  and  at  the  potential  well  for  the 
I Y  )  component  (a)  out  of  the  mazer  resonance  and  (b)  on  resonance. 


So  far,  we  have  discussed  the  motion  and  atom-field  interaction  of  a  single  atom  incident  upon  the  cavity.  Due  to  the 
unusual  emission  probability,  a  beam  of  ultracold  atoms  can  produce  unusual  photon  distributions  such  as  a  shifted  thermal 
distribution.  For  details  about  this  microwave  amplification  by  z-motion  induced  emission  of  radiation  (mazer),  the  reader 
is  referred  to  the  trilogy.^^'^^ 

In  order  to  see  the  mazer  resonances  for  atoms  with  a  certain  velocity  spread,  the  interaction  length  L  has  to  be  small. 
Whereas  in  the  usual  cylindrical  micromaser  cavities  the  smallest  cavity  length  is  given  by  half  the  wavelength  of  the  mi¬ 
crowaves,  cavities  of  the  reentrant  type,  as  depicted  in  Fig.  7,  allow  for  an  interaction  length  much  smaller  than  the  wave¬ 
length.  With  such  a  device,  an  experiment  with  realistic  parameters  seems  possible.^"* 

3.  ION  TRAP  EXPERIMENTS 

Besides  the  experiments  performed  with  atoms  in  a  cavity  the  trapped  ion  techniques  provide  another  way  to  investigate 
quantum  phenomena  in  radiation  atom  interaction.  In  the  following  recent  experiments  and  new  proposals  for  experiments 
will  be  reviewed. 

3.1  Resonance  fluorescence  of  a  single  atom 

Resonance  fluorescence  of  an  atom  is  a  basic  process  in  radiation-atom  interactions,  and  has  therefore  always  generated 
considerable  interest.  The  methods  of  experimental  investigation  have  changed  continuously  due  to  the  availability  of  new 
experimental  tools.  A  considerable  step  forward  occurred  when  tunable  and  narrow  band  dye  laser  radiation  became  avail¬ 
able.  These  laser  sources  are  sufficiently  intense  to  easily  saturate  an  atomic  transition.  In  addition,  the  lasers  provide 
highly  monochromatic  light  with  coherence  times  much  longer  than  typical  natural  lifetimes  of  excited  atomic  states.  Exci¬ 
tation  spectra  with  laser  light  using  well  collimated  atomic  beam  lead  to  a  width  being  practically  the  natural  width  of  the 
resonance  transition,  therefore  it  became  possible  to  investigate  the  frequency  spectrum  of  the  fluorescence  radiation  with 
high  resolution.  However,  the  spectrograph  used  to  analyze  the  reemitted  radiation  was  a  Fabiy-Perot  interferometer,  the 
resolution  of  which  did  reach  the  natural  width  of  the  atoms,  but  was  insufficient  to  reach  the  laser  linewidth,  see  e.g.  Har- 
tig  et  al.^^  and  Cresser  et  al.^’  A  considerable  progress  in  this  direction  was  achieved  by  investigating  the  fluorescence 
spectrum  of  ultra-cold  atoms  in  an  optical  lattice  in  a  heterodyne  experiment.^^  In  these  measurements  a  linewidth  of  1  kHz 
was  achieved,  however,  the  quantum  aspects  of  the  resonance  fluorescence  such  as  antibunched  photon  statistics  cannot  be 
investigated  under  these  conditions  since  they  wash  out  when  more  than  one  atom  is  involved. 

Thus  the  ideal  experiment  requires  a  single  atom  to  be  investigated.  Since  some  time  it  is  known  that  ion  traps  allow  to 
study  the  fluorescence  from  a  single  laser  cooled  particle  practically  at  rest,  thus  providing  the  ideal  case  for  the  spectro¬ 
scopic  investigation  of  the  resonance  fluorescence.  The  other  essential  ingredient  for  achievement  of  high  resolution  is  the 
measurement  of  the  frequency  spectrum  by  heterodyning  the  scattered  radiation  with  laser  light  as  demonstrated  with  many 
cold  atoms.^®  Such  an  optimal  experiment  with  a  single  trapped  Mg^  ion  is  described  in  this  paper.  The  measurement  of  the 
spectrum  of  the  fluorescent  radiation  at  low  excitation  intensities  is  presented.  Furthermore,  the  photon  correlation  of  the 
fluorescent  light  has  been  investigated  under  practically  identical  excitation  conditions.  The  comparison  of  the  two 
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Fig.  7.  Possible  experimental  setup  with  a  reentrant  cavity. 


results  shows  a  very  interesting  aspect  of  complementarity  since  the  heterodyne  measurement  corresponds  to  a  „wave“ 
detection  of  the  radiation  whereas  the  measurement  of  the  photon  correlation  is  a  „particle“  detection  scheme.  It  will  be 
shown  that  under  the  same  excitation  conditions  the  wave  detection  provides  the  properties  of  a  classical  atom,  i.e.  a  driven 
oscillator,  whereas  the  particle  or  photon  detection  displays  the  quantum  properties  of  the  atom.  Whether  the  atom  displays 
classical  or  quantum  properties  thus  depends  on  the  method  of  observation. 

The  spectrum  of  the  fluorescence  radiation  is  given  by  the  Fourier  transform  of  the  first  order  correlation  function  of  the 
field  operators,  whereas  the  photon  statistics  and  photon  correlation  is  obtained  from  the  second  order  correlation  function. 
The  corresponding  operators  do  not  commute,  thus  the  respective  observations  are  complementary.  Present  theory  on  the 
spectra  of  fluorescent  radiation  following  monochromatic  laser  excitation  can  be  summarized  as  follows:  fluorescence  ra¬ 
diation  obtained  with  low  incident  intensity  is  also  monochromatic  owing  to  energy  conservation.  In  this  case,  elastic  scat¬ 
tering  dominates  the  spectrum  and  thus  one  should  measure  a  monochromatic  line  at  the  same  frequency  as  the  driving 
laser  field.  The  atom  stays  in  the  ground  state  most  of  the  time  and  absorption  and  emission  must  be  considered  as  one 
process  with  the  atom  in  principle  behaving  as  a  classical  oscillator.  This  case  was  treated  on  the  basis  of  a  quantized  field 
many  years  ago  by  Heitler.^^  With  increasing  intensity  upper  and  lower  states  become  more  strongly  coupled  leading  to  an 
inelastic  component,  which  increases  with  the  square  of  the  intensity.  At  low  intensities,  the  elastic  part  dominates  since  it 
depends  linearly  on  the  intensity.  As  the  intensity  of  the  exciting  light  increases,  the  atom  spends  more  time  in  the  upper 
state  and  the  effect  of  the  vacuum  fluctuations  comes  into  play  through  spontaneous  emission.  The  inelastic  component  is 
added  to  the  spectrum,  and  the  elastic  component  goes  through  a  maximum  where  the  Rabi  flopping  frequency  Q  =  F  /yfl 
(T  is  the  natural  linewidth)  and  then  disappears  with  growing  Q.  The  inelastic  part  of  the  spectrum  gradually  broadens  as 
Q  increases  and  for  Q  >  r/2  sidebands  begin  to  appear. 

The  experimental  study  of  the  problem  requires,  as  mentioned  above,  a  Doppler-free  observation.  In  order  to  measure 
the  frequency  distribution,  the  fluorescent  light  has  to  be  investigated  by  means  of  a  high  resolution  spectrometer.  The  first 
experiments  of  this  type  were  performed  by  Schuda  et  al.^'  and  later  by  Walther  et  al.,^^  Hartig  et  al.^^  and  Ezekiel  et  al.^^ 
In  all  these  experiments,  the  excitation  was  performed  by  single-mode  dye  laser  radiation,  with  the  scattered  radiation  from 
a  well  collimated  atomic  beam  observed  and  analyzed  by  a  Fabry-Perot  interferometer.  Experiments  to  investigate  the  elas¬ 
tic  part  of  the  resonance  fluorescence  giving  a  resolution  better  than  the  natural  linewidth  have  been  performed  by  Gibbs  et 
al.^"*  and  Cresser  et  al.^’ 

The  first  experiments  which  investigated  antibunching  in  resonance  fluorescence  were  also  performed  by  means  of 
laser-excited  collimated  atomic  beams.  The  initial  results  obtained  by  Kimble,  Dagenais,  and  Mandel^^  showed  that  the 
second-order  correlation  fimetion  g^^\t)  had  a  positive  slope  which  is  characteristic  of  photon  antibunching.  However, 
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Fig,  8.  Heterodyne  spectrum  of  a  single  trapped  24  MgMon.  Left  side:  Resolution  bandwidth  0.5  Hz.  The  solid  line  is  a 
Lorentzian  fit  to  the  experimental  data;  the  peak  appears  on  top  of  a  small  pedestal  being  4  Hz  wide.  The  latter  signal  is 
due  to  random  phase  fluctuations  in  the  spatially  separated  sections  of  the  light  paths  of  local  oscillator  and  fluorescent 
light;  they  are  generated  by  variable  air  currents  in  the  laboratory.  Right  side:  Heterodyne  spectrum  of  the  coherent  peak 
with  sidebands  generated  by  mechanical  vibrations  of  the  mount  holding  the  trap.  The  vibrations  are  due  to  the  operation 
of  a  rotary  pump  in  the  laboratory.  For  details  see  Ref  44. 


g^^^O)  was  larger  than  g^^\t)  for  t  ^  c»  due  to  number  fluctuations  in  the  atomic  beam  and  to  the  finite  interaction  time  of 
the  atoms.^^’^’  Further  refinement  of  the  analysis  of  the  experiment  was  provided  by  Dagenais  and  Mandel.^’  Rateike  et 
al.^®  used  a  longer  interaction  time  for  an  experiment  in  which  they  measured  the  photon  correlation  at  very  low  laser  in¬ 
tensities  (see  Cresser  et  al.^^  for  a  review).  Later,  photon  antibunching  was  measured  using  a  single  trapped  ion  in  an  ex¬ 
periment  which  avoids  the  disadvantages  of  atom  number  statistics  and  finite  interaction  time  between  atom  and  laser 
field.^^ 

As  pointed  out  in  many  papers  photon  antibunching  is  a  purely  quantum  phenomenon  (see  e.g.  Cresser  et  al.^^  and 
Walls^^.  The  fluorescence  of  a  single  ion  displays  the  additional  nonclassical  property  that  the  variance  of  the  photon 
number  is  smaller  than  its  mean  value  (i.e.  it  is  sub-Poissonian).^^  '*' 

The  trap  used  for  the  present  experiment  was  a  modified  Paul-trap,  called  an  endcap-trap."*^  The  trap  consists  of  two 
solid  copper-beryllium  cylinders  (diameter  0.5  mm)  arranged  co-linearly  with  a  separation  of  0.56  nun.  These  correspond 
to  the  cap  electrodes  of  a  traditional  Paul  trap,  whereas  the  ring  electrode  is  replaced  by  two  hollow  cylinders,  one  of  which 
is  concentric  with  each  of  the  cylindrical  endcaps.  Their  inner  and  outer  diameters  are  1  and  2  mm,  respectively  and  they 
are  electrically  isolated  from  the  cap  electrodes.  The  fractional  anharmonicity  of  this  trap  configuration,  determined  by  the 
deviation  of  the  real  potential  from  the  ideal  quadrupole  field  is  below  0.1%  (see  Schrama  et  al."*^).  The  trap  is  driven  at  a 
frequency  of  24  MHz  with  typical  secular  frequencies  in  the  xy-plane  of  approximately  4  MHz.  This  required  a  radio¬ 
frequency  voltage  with  an  amplitude  on  the  order  of  300  V  to  be  applied  between  the  cylinders  and  the  endcaps. 

The  measurements  were  performed  using  the  3^Si/2  -  3^P3/2  transition  of  the  24  Mg^-ion  at  a  wavelength  of  280  nm.  The 
heterodyne  measurement  is  performed  as  follows.  The  dye  laser  excites  the  trapped  ion  while  the  fluorescence  is  observed 
in  a  direction  of  about  54®  to  the  exciting  laser  beam.  However,  both  the  observation  direction  and  the  laser  beam  are  in  a 
plane  perpendicular  to  the  symmetry  axis  of  the  trap.  A  fraction  of  the  laser  radiation  is  removed  with  a  beamsplitter  and 
then  frequency  shifted  (by  137  MHz  with  an  acousto-optic  modulator  (AOM))  to  serve  as  the  local  oscillator.  An  example 
of  a  heterodyne  signal  is  displayed  in  Fig.  8.  The  signal  is  the  narrowest  optical  heterodyne  spectrum  of  resonance  fluores¬ 
cence  reported  to  date.  Thus  our  experiment  provides  the  most  compelling  confirmation  of  Weisskopf  s  prediction  of  a 
coherent  component  in  resonance  fluorescence.  The  linewidth  observed  implies  that  exciting  laser  and  fluorescent  light  are 
coherent  over  a  length  of  400  000  km.  Further  details  on  the  experiment  are  given  in  Refs.  43  and  44. 

Investigation  of  photon  correlations  employed  the  ordinary  Hanbuiy-Brown  and  Twiss  setup.  The  setup  was  essentially 
the  same  as  described  by  Diedrich  and  Walther.^^  The  results  are  shown  and  discussed  in  Ref  43  also. 


329 
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Fig.  9.  (a)  Schematic  representation  of  the  Ca'^  scheme  for  the  ion-trap  laser,  (b)  Mean  photon  number  |  a^a )  (solid)  and 
Fano  factor  F  (dashed)  versus  the  coherent  pump  strength  Q.  The  parameters  are  A  =  1,  g  =  14.8,  T\  =  40,  and  T2  =  100. 
The  inset  shows  the  photon  distribution  for  Q  =  50.  All  rates  are  in  MHz. 


The  presented  experiment  describes  the  first  high-resolution  heterodyne  measurement  of  the  elastic  peak  in  resonance 
fluorescence  of  a  single  ion.  At  identical  experimental  parameters  we  have  also  measured  antibunching  in  the  photon  corre¬ 
lation  of  the  scattered  field.  Together,  both  measurements  show  that,  in  the  limit  of  weak  excitation,  the  fluorescence  light 
differs  from  the  excitation  radiation  in  the  second-order  correlation  but  not  in  the  first  order  correlation.  However,  the  elas¬ 
tic  component  of  resonance  fluorescence  combines  an  extremely  narrow  frequency  spectrum  with  antibunched  photon  sta¬ 
tistics,  which  means  that  the  fluorescence  radiation  is  not  second-order  coherent  as  expected  from  a  classical  point  of 
view."*^  The  heterodyne  and  the  photon  correlation  measurement  are  complementary  since  they  emphasize  either  the  classi¬ 
cal  wave  properties  or  the  quantum  properties  of  resonance  fluorescence,  respectively. 

3.2  The  ion-trap  laser 

There  have  been  several  theoretical  papers  on  one-atom  lasers  in  the  past.^^  '*^’  This  system  provides  a  testing  ground 
for  new  theoretical  concepts  and  results  in  the  quantum  theory  of  the  laser.  Examples  are  atomic  coherence  effects^^  and 
dynamic  (i.e.  self-generated)  quantum-noise  reduction.^' All  these  aspects  are  a  consequence  of  a  pump  process  whose 
complex  nature  is  not  accounted  for  in  the  standard  treatment  of  the  laser.  So  far  there  is  one  experiment  where  laser  action 
could  be  demonstrated  with  one  atom  at  a  time  in  the  optical  resonator.^  A  weak  beam  of  excited  atoms  was  used  to  pump 
this  one-atom  laser. 

A  formidable  challenge  for  an  experiment  is  to  perform  a  sinular  experiment  with  a  trapped  ion  in  the  cavity.  Mirrors 
with  an  ultrahigh  finesse  are  required,  and  a  strong  atom-field  coupling  is  needed.  After  the  emission  of  a  photon,  the  ion 
has  to  be  pumped  before  the  next  stimulated  emission  can  occur.  Similar  as  in  the  resonance  fluorescence  experiments 
which  show  antibunching,^^'^^  there  is  a  certain  time  gap  during  which  the  ion  is  unable  to  add  another  photon  to  the  laser 
field.  It  has  been  shown^^  that  this  time  gap  plays  a  significant  role  in  the  production  of  a  field  with  sub-Poissonian  photon 
statistics. 

We  have  investigated  the  theoretical  basis  for  an  experimental  realization  of  the  ion-trap  laser.  Our  analysis  takes  into 
account  details  such  as  the  multi-level  structure,  the  coupling  strengths  and  the  parameters  of  the  resonator.  It  has  been  a 
problem  to  find  an  ion  with  an  appropriate  level  scheme.  We  could  show  that  it  is  possible  to  produce  a  laser  field  with  the 
parameters  of  a  single  Ca*^  ion.  This  one-atom  laser  displays  several  features,  which  are  not  found  in  conventional  lasers: 
the  development  of  two  thresholds,  sub-Poissonian  statistics,  lasing  without  inversion  and  self-quenching.  The  details  of 
this  work  are  reported  in  Ref.  53,54.  In  a  subsequent  paper^^  also  the  center-of-mass  motion  of  the  trapped  ion  was  quan¬ 
tized.  This  leads  to  additional  features  of  the  ion  trap  laser,  especially  a  multiple  vacuum  Rabi-splitting  is  observed. 

The  Ca"^  scheme,  which  is  sketched  in  Fig.  9(a).  It  contains  a  A-type  subsystem:  the  ion  is  pumped  coherently  from  the 
ground  state  to  the  upper  laser  level  4Pi/2,  stimulated  emission  into  the  resonator  mode  takes  place  on  the  transition  to  3D3/2 
at  a  wavelength  of  866  nm.  Further  pump  fields  are  needed  to  close  the  pump  cycle  and  to  depopulate  the  metastable  levels. 
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Fig.  10.  Multiple  vacuum  Rabi  splitting  in  the  output  spectrum  Sa((o)  for  the  two-level  atom  with  quantized  CM  motion. 
The  parameters  are  A  ==  0.1,  B  =  0.05,  p  =  0.5,  Rab  =  0.1,  Rba  =  0.001,  and  r\  =  0.7.  All  rates  are  in  units  of  go. 


Although  spontaneous  relaxation  from  the  upper  laser  level  to  the  ground  state  takes  place  at  a  relatively  large  rate  of 
140  MHz  and  suppresses  the  atomic  polarization  on  the  laser  transition,  laser  light  is  generated  for  realistic  experimental 
parameters  due  to  atomic  coherence  effects  within  the  A  subsystem.  The  occurrence  of  laser  action  is  demonstrated  in  Fig. 
9(b)  for  a  resonator  with  a  photon  damping  rate  A  =  1  MHz  and  a  vacuum  Rabi  frequency  g  =  14.8  MHz  on  the  laser 
transition.  For  the  numerical  calculation  of  the  realistic  scheme,  the  Zeeman  substructure  and  the  polarizations  of  the  fields 
have  to  be  taken  into  account.  With  increasing  coherent  pump  Q,  the  mean  photon  number  inside  the  resonator  first  in¬ 
creases  and  then  decreases.  Both  the  increase  and  decease  of  the  intensity  are  accompanied  by  maxima  in  the  intensity 
fluctuations,  which  can  be  interpreted  as  thresholds.  Laser  action  takes  place  in  between  these  two  thresholds.  This  is  con¬ 
firmed  by  the  Poissonian-like  photon  distribution  given  in  the  inset  of  Fig.  9(b).  In  addition,  the  linewidth  of  the  output 
spectrum  is  in  the  laser  region  up  to  ten  times  smaller  than  below  the  first  and  beyond  the  second  threshold.^"*  Note  that  for 
a  thermal  distribution  the  solid  and  dashed  curves  in  Fig.  9(b)  for  the  intensity  and  the  intensity  fluctuations  would  coin¬ 
cide. 

For  a  nonvanishing  Lamb-Dicke  parameter  ti,  higher  vibrational  states  will  be  excited  during  the  pump  and  relaxation 
processes;  the  amplitude  of  the  atomic  motion  will  increase.  Therefore,  the  ion  will  in  general  not  remain  at  an  antinode  of 
the  resonator  mode,  and  the  strength  of  the  atom-field  coupling  will  decrease.  However,  the  atom  can  be  prevented  from 
heating  up  by  detuning  a  coherent  pump  field.  The  coupling  strength  is  given  by  the  product  of  a  constant  go  and  a  motion- 
dependent  function^^  that  is  determined  by  an  overlap  integral  involving  the  motional  wave  function  of  the  atom  and  the 
mode  function  of  the  field. 

In  a  simple  two-level  laser  model  with  decay  rate  Rab  and  pump  rate  Rba,  the  cooling  process  may  be  incorporated  by 
coupling  the  atomic  motion  to  a  thermal  reservoir  with  cooling  rate  B  and  thermal  vibron  number  p.  Already  in  such  a 
simple  model,  the  discrete  nature  of  the  quantized  motion  shows  up  below  threshold  in  a  multiple  vacuum  Rabi  splitting  of 
the  output  spectrum.^^  This  is  illustrated  in  Fig.  10.  The  pairs  of  peaks  correspond  to  different  vibrational  states  with  differ¬ 
ent  atom-field  coupling. 

The  cooling  mechanism  is  most  transparent  in  the  special  case  of  resolved-sideband  cooling.  The  coherent  pump  may  be 
detuned  to  the  first  lower  vibrational  sideband  so  that  with  each  excitation  from  4Si/2  to  4Pi/2  one  vibron  is  annihilated  and 
the  CM  motion  is  cooled.  Eventually,  all  the  population  will  collect  in  the  motional  ground  state  of  the  atomic  ground  state 
4Si/2  and  cannot  participate  in  the  lasing  process.  The  coherent  pump  strength  is  now  given  by  Qo  times  a  motion- 
dependent  function.  In  order  to  maintain  laser  action  in  the  presence  of  the  cooling,  an  additional  broadband  pump  field  F 
may  be  applied  to  the  cooling  transition.  Figure  11  indicates  that  a  field  with  a  mean  photon  number  ja^a)  =  2.3  is  gener¬ 
ated  while  the  mean  vibron  number  is  restricted  to  a  value  of  |b^b)  =  0.5.  If  a  larger  mean  vibron  number  is  acceptable,  the 
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Fig.  11.  Time  evolution  of  the  mean  photon  number  (solid)  and  the  mean  vibron  number  (dashed)  in  the  Ca'^  ion-trap  laser 
with  sideband  cooling.  The  parameters  are  A  =  0.5,  go  =  14.8,  Qo  =  100,  T  ^  =  40,  r2  =  100,  and  ti  =  0.1  on  the  laser 

transition.  Initially,  the  atom  is  in  the  ground  state  and  the  vibronic  distribution  is  thermal  with  |b^b)  =  0.1.  All  rates  are  in 
MHz. 


pump  rate  T  can  be  increased  and  more  population  takes  part  in  the  laser  action.  This  leads  to  considerably  larger  mean 
photon  numbers.  The  calculation  shows  that  it  is  possible  to  incorporate  a  cooling  mechanism  in  a  multilevel  one-atom 
laser  scheme  and  to  obtain  significant  lasing  also  for  nonperfect  localization  of  the  atom.  Although  it  is  difficult  to  reach 
the  resolved-sideband  limit  in  an  experiment,  cooling  may  still  be  achieved  in  the  weak-binding  regime  by  detuning  a  co¬ 
herent  pump  field. 


4.  CONCLUSIONS 

In  this  paper  recent  experiments  with  single  atoms  in  cavities  and  traps  are  reviewed.  It  is  especially  pointed  out  that 
using  ultracold  atoms  will  lead  to  new  and  interesting  aspects  in  atom-matter  interaction.  The  possibility  that  now  ultracold 
atoms  are  available  bring  such  experiments  into  reach  in  the  near  future. 

The  quantum-mechanical  CM  motion  of  the  atoms  incident  upon  a  micromaser  cavity  is  equivalent  to  a  scattering 
problem  that  involves  both  a  repulsive  and  an  attractive  potential.  The  emission  probability  for  an  initially  excited  ultracold 
atom  exhibits  sharp  resonances  when  the  de  Broglie  wavelength  fits  resonantly  into  the  cavity.  These  resonances  may  be 
observed  experimentally  with  the  help  of  a  reentrant  cavity.  Whereas  the  eigenstates  of  the  atomic  motion  are  continuously 
distributed  for  the  maser,  the  motion  is  confined  to  a  trapping  potential  in  the  one-atom  laser.  The  discrete  nature  of  the 
CM  motion  in  the  trap  is  reflected  below  threshold  by  multiple  vacuum  Rabi  splitting.  In  order  to  prevent  the  atom  from 
being  continuously  heated  by  the  pump  and  relaxation  processes,  sideband  cooling  has  been  incorporated  into  the  model. 
The  recently  proposed  Ca"*^  ion-trap  laser  is  used  to  illustrate  the  possibility  of  one-atom  lasing  in  the  presence  of  a  cooling 
mechanism. 

There  is  one  very  interesting  application  of  the  „mazer“  which  should  be  briefly  mentioned  here:  the  device  can  act  as  a 
filter  for  matter  waves  and  can  thus  be  used  to  increase  the  coherence  length  of  an  atomic  beam;  in  the  same  way  as  a 
Fabry-Perot  can  be  used  to  increase  the  coherence  length  of  a  light  wave.  This  application  will  be  discussed  in  a  forthcom¬ 
ing  paper. 
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Abstract 

The  optical  properties  of  layered  materials  of  a  fractal  quasiperiodic  structure  are  reviewed 
considering  both  the  case  of  wavelength  smaller  than  the  thickness  of  the  thinner  layer  and  the 
reverse  case  in  which  the  whole  structure  is  much  smaller  than  the  wavelength. 

1.  INTRODUCTION 

Interest  in  the  optical  properties  of  fractal  structures  has  been  growing  in  recent  years  \  There 
are  several  categories  of  optical  fields  to  which  research  activities  are  devoted  related  to  fractals. 
One  is  image  science  In  this  field  fractals  are  considered  as  objects  to  be  processed  with 
various  image  processing  techniques.  Another  domain  of  investigation  is  the  study  of  the 
properties  of  optical  fields  produced  when  waves  are  incident  over  fractal  structures.  Scattering  ^ 
and  diffraction  ^  by  fractal  objects  have  been  most  studied  also  with  the  aim  of  evaluating  the 
fractality  or  because  through  the  interaction  new  types  of  wave  fields  are  created  that  may  lead  to 
the  development  of  new  optical  techniques  or  to  obtain  better  results  than  the  ones  obtained  with 
conventional  structures. 

Here  we  want  to  focus  on  transmission  properties  of  an  optical  field  (a  plane  wave  for  the  sake  of 
simplicity)  propagating  through  self-similar  structures.  Because  of  the  aspect  related  to  optical 
localization  of  waves  appearing  in  fractals,  there  is  also  an  increasing  interest  into  the  nonlinear 
optical  properties  of  these  structures. 

The  results  will  show  the  greater  flexibility  and  richness  of  fractals  with  respect  to  traditional 
periodic  structures. 


2.  A  FEW  INFORMATIONS  ON  FRACTALS 

The  concept  of  a  fractal  was  popularised  by  Mandelbrot  already  in  the  1960s  ®  .  The  term 

"fractal"  was  introduced  by  him  to  describe  geometrical  objects  with  no  integer  dimension. 
Several  types  of  fractals  are  treated  in  physical  optics.  The  most  popular  objects  are  self-similar 
fractals.  The  definition  given  by  Mandelbrot  claims  that  a  self-similar  fractal  is  a  set  whose 
dimension  is  different  from  the  topological  dimension,  invariant  with  respect  to  a  change  of 
scale.  An  object  is  therefore  said  to  be  self-similar  when  a  part  of  it  is  similar  to  its  whole.  Self¬ 
similar  fractals  are  generated  mathematically  by  means  of  a  recursive  operation  of  a  generator  on 
an  initiator  This  is  illustrated  in  fig.  1,  where  two  typical  self-similar  factals  are  shown 
together  with  their  generation  processes;  Cantor  triadic  set  and  Koch  triadic  curve.  Looking  at 
the  distribution  of  segments  of  the  Cantor  distribution,  one  may  see  that  it  is  quasi-periodic.  A 
property  shared  by  many  other  fractal  structures.  One  may  note  that  any  physical  fractal  is 
incomplete  in  the  sense  that  the  development  level  N  is  always  finite.  The  objects  that  are  the 
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Fig.l  a)  Cantor  triadic  set.  One  starts  from  a  segment  of  length  L  (initiator,  N=0),  divide  it  into  three 
equal  parts  and  stripe  out  the  central  part  (generator,  N=l).  The  same  procedure  is  then  applied  to 
all  remaining  segments;  b)  Koch  triadic  curve.  The  initiator  is  still  a  line  of  length  L.  The  central 
segment  is  erased  and  an  equilater  triangle  of  side  L/3  without  basis  is  built  (generator,  N=l).  The 
operation  is  repeated  on  each  segment. 


product  of  finite  levels  are  sometimes  called  prefractals  but  because  a  true  fractal  does  not  exist 
in  real  world,  we  shall  omit  the  distinction,  bearing  however  this  circumstance  in  mind. 

The  most  prominent  property  of  fractals  is  their  dimensional  behaviour.  Different  definitions  are 
given  for  fractals  dimensions.  For  example,  in  the  case  of  regular  self-similar  fractals,  in  which 
the  generator  is  composed  of  m  segments  of  length  l/p,  the  similarity  dimension  is  defined  as 


D  =  log  m  /  logp  (1) 

The  similarity  dimension  of  the  Cantor  triadic  set  is  D=log2/log3=0.631.  For  the  Koch  curve,  it 
is  D=log4/log3=1.262.  It  means  that  the  Cantor  set  has  a  dimensionality  between  a  point  and  a 
line.  The  Koch  curve  between  a  line  and  a  surface.  Some  fractals,  as  the  two  discussed  here, 
exhibit  only  one  value  of  D  (monofractals),  other  show  a  distribution  of  D  values 
(multifractals). 

If  Ljvj  is  the  length  of  the  fractal  at  the  N-th  step  and  1jsj=1/m.n  is  the  length  of  each  link  one  has 

m  =  L^/In  (2) 

and 


D  =  (log  Liq/logiiN)  +  1. 

It  means  that,  if  we  drop  the  index  N, 


m  ocl 


-D 


(3) 
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It  is  easily  seen  from  fig.  1  that  the  identical  construction,  but  at  a  reduced  scale,  is  performed  at 
each  step  N.  For  this  reason,  any  fragment  of  the  structure  can  be  obtained  by  simply  increasing 
any  of  its  components  up  to  the  required  scale.  This  circumstance  is  formally  reflected  in  eq.(3). 
Indeed,  if  the  length  1  of  an  elementary  section  is  reduced  by  times,  then  the  number  of 
segments  m  will  increase.  From  eq.(3)  we  have 

m(C/)=C"°  m(/)  C<1  (4) 

If  in  eq.(4)  the  similarity  parameter  ^  is  fixed  by  the  condition  C,l=\,  eq.(3)  is  immediately 
found.  Using  this  condition  in  eq.(2)  we  may  redefine  D  as 

D=l  +  logL/Nlog  C-  (5) 

The  dimension  is  independent  of  the  level  N  of  the  structure. 


3.  SELF-SIMILAR  RESONATOR 

In  the  following  we  want  to  study  the  transmission  properties  of  a  fractal  superlattice  composed 
by  alternating  layers  of  refractive  indices  nj  and  n2-  The  optical  thickness  of  the  layers 

follows  the  Cantor  triadic  set  (s.fig.2). 

Two  possible  constructions  can  be  realized:  case  A  in  which  the  central  part  is  made  with  a 
material  of  refractive  index  n2.  Case  B  in  which  the  central  part  is  made  with  a  material  with 

index  nj.  The  structure  can  be  studied  through  the  transfer  matrix  method  The  expression  of 
the  transmission  of  TE  and  TM  fields  is  given  by 


t(ko,L)  = 


(k.,L)- -  iPTfr  (ko.L)  + T<«(k,,L) 


(6) 


where  i  is  the  imaginary  unit,  P  =  kQn  for  TE  and  3=  n^/kx  for  TM,  k^h  =  ko^nh  -  n^ff  ,  where 
n^  is  the  refractive  index  of  the  n-th  layer ,  =  nsinG  ,  and  6  is  the  input  incidence  angle  , 

Thk  ^  are  the  elements  of  the  T  matrix  that  is  obtained  by  the  N-th  iteration  of  the  recursive 
relation 


T(k)(i)  =  T<'‘-i)(1)Ti(3'^"‘1)T(‘‘-^\1),  k  =  1,2,...,N 


with  T(®^(1)  =  Tj(l) 
and 


(7) 
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Fig.2-  Refractive  index  distribution  and  Cantor  set  resonator  configuration 


Th(l)  = 


1,2 


(8) 

where  (Ph  =  ^xh  —  >  ^  optical  path  of  the  smallest  initiator .  It  is  L=  3^  1  ;  a=konh  for  TE 

•’h 

and  a=kxh  for  TM  and  ko  is  the  vacuum  wavenumber.  The  indices  h=l,2  are  referred  to  the 
layers  with  refractive  index  nj  and  n2  respectively;  n  is  the  refractive  index  of  the  medium  in 
which  the  structure  is  embedded. 

Transmission  spectra  for  normal  incidence  as  a  function  of  the  Cantor  level  N  are  given  in  fig.3. 
The  two  possibilities  A  and  B  are  shown  .  Small  differences  are  clearly  visibly,  especially  for 
the  case  of  low  N  level.  The  differences  occur  because  the  resonances  of  the  single  layers  are 
obviously  different  if  they  are  made  with  index  nj  or  nj .  It  may  be  of  interest  to  compare  with 
the  transmission  of  a  periodic  resonator  with  the  same  total  optical  path  as  the  fractal  one  for 
N=4  (s.fig.3c).  The  magnitude  of  the  transmission  is  a  symmetric  function  of  frequency,  for  a 
fixed  optical  path  L  of  the  generator,  and  it  is  periodic  with  the  period  (Pp  =  37c  .  The  smallest 

components  resonate  when  (Pp  /3  =  rntt  where  m  is  an  integer. 


One  of  the  most  interesting  properties  of  these  spectra,  already  for  level  N=3,  is  the  appearance 
of  sharp  isolated  peziks  in  the  forbidden  gap  of  frequencies,  for  which  the  transmission  is  zero. 
This  behaviour  is  quite  different  from  the  one  of  a  periodic  structure  and  is  very  important  for 
nonlinear  or  time  filtering  applications. 

The  self  similar  behaviour  is  shown  in  figs  4. 
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Fig.4  Transmission  spectrum  magnitude  versus  (p/n  around  (Pp  =  Srt  for  N=4  ,  a)  one  period  bandwidth, 
b)  magnified  central  third  of  (a). 


For  oblique  incidence  the  transmission  loses  the  symmetry  and  the  transmission  at  a  fixed 
wavenumber  is  a  strong  function  of  the  incidence  angle  (s.fig.5)  because  the  optical  path  of  the 
two  basic  dielectric  layers  is  no  more  the  same. 

Localization  of  modes  is  also  present,  which  depends  on  frequency 

The  difference  in  transmission  between  TE  and  TM  modes  can  be  used  to  built  filters  (  see  fig  6), 
The  same  treatment  can  be  used  also  to  describe  a  corrugated  waveguide 
Most  interesting  results  are  obtained  in  the  case  that  one  of  the  two  materials  with  which  the 
resonator  is  made  is  nonlinear.  This  case  is  somehow  more  difficult  than  the  linear  case  but  can 
still  be  treated  by  using  a  matrix  method.  In  this  case  it  is  necessary  to  start  with  the  description 
of  the  behaviour  of  each  single  layer,  writing  the  electric  and  magnetic  fields  of  the  wave  as  a 
superposition  of  forward  and  backward  waves  which  contain  the  changes  produced  by  the 
nonlinearity.  The  link  between  the  fields  in  the  h-th  and  in  the  (h+l)-th  medium  is  given  by 
applying  the  boundary  conditions  for  the  electric  and  magnetic  fields  and  may  be  written  by 
using  a  transfer  matrix  for  the  layer.  The  nonlinear  response  is  then  obtained  by  the  use  of  a 
generalization  of  the  dummy-variable  method  starting  fi'om  the  last  layer  for  which  there  is  no 
reflection. 

The  most  interesting  result  is  that  if  a  third-order  nonlinearity  is  used,  the  optical  length  of  the 
nonlinear  layers  is  a  function  of  the  input  intensity.  This  means  that  if  the  wavelength  is  chosen 
so  to  be  on  one  of  the  sharp  peaks  of  the  linear  transmission  spectrum,  a  small  variation  of  the 
refractive  index,  produced  by  a  change  of  the  input  intensity,  may  drive  the  system  fi’om  a  low  to 
a  high  transmission  state  or,  viceversa,  in  a  way  which  obviously  depends  from  the  form  of  the 
spectrum,  and  on  the  sign  of  the  nonlinearity,  giving  bistability  or  even  multistability. 
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Fig. 5  -  Angular  spectrum  for  different  values  of  normalized  wavevector ,  for  N  =  4 
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Fi.6  Transmission  spectrum  for  TE  (a),  and  TM(  b)  modes  at  a  given  angle  of  62®. 
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Fig.  7  Output  Input  Intensity  for  a  Cantor  multilayer  for  N  =  2  e  N  =  3 


This  is  very  well  illustrated  in  fig.7  where  single  and  multiple  bistability  cases  are  shown. 
Hysteresis  loops  are  best  found  in  correspondence  of  the  transmission  shoulder  as  already  said 
and  depend  on  the  initial  "detuning"  from  a  minimum.  An  increasing  of  the  Cantor  level 
produces  a  multistable  behaviour.  This  behaviour  can  be  associated  to  the  number  of  the 
transmission  oscillations  in  the  linear  spectrum.  Spectra  with  many  fast  oscillations  give  lower 
thresholds  of  the  hysteresis  and  may  exhibit  multistability.  On  the  contrary,  spectra  with  a  few 
transmission  oscillations  have  higher  thresholds,  give  bistability,  and  have  larger  hysteresis 
loops. 

Although  a  comparison  with  competing  regular  structures  such  as  an  interference  filter  or  a 
periodic  structure  or  other  fractal  sequences  as  for  example  a  Fibonacci  structure,  is  not  easy 
because  how  the  comparison  should  be  made  is  questionable,  one  may  say  that  the  bistability 
exhibited  by  the  Cantor  sequence  seems  better,  with  lower  thresholds  and  larger  bistability  loops 
(s.fig.8).  The  fractal  case  seems  indeed  to  offer  also  more  practical  possibilities.  Figs.  9  show,  for 
ex.,  the  behaviour  of  vs  Ij  for  a  filter  with  N=3,  that  suggest  to  use  it  as  a  power  limiter.  A 

similar  peribdic  structure  as  shown  in  the  figure  does  not  present  that  behaviour. 

Third  order  nonlinearities  are  usually  characterized  by  absorption  and  this  limit  the  quantity  of 
nonlinear  material  that  can  be  contained  in  the  structure  and  dissimetrizes  the  two  possible 
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configurations  in  which  the  central  third  part  of  the  structure  is  made  with  the  nonlinear 
(absorbing)  or  the  linear  material.  In  the  first  case  increasing  the  level  N  increases  the  absorption 
so  that  devices  with  N>4  are  not  feasible.  In  any  case,  because  the  smaller  layer  in  the  structure 
shall  have  a  thickness  equal  or  larger  than  a  quarter  of  the  operation  wavelength,  by  increasing 
the  level  N,  the  total  thickness  of  nonlinear  material  increases  anyhow  and  therefore  in  any  case 
Cantor  levels  greater  than  4  are  no  more  interesting. 


7t 

Fig.  8  Intensity  threshold  for  bistability  v.s  (p/  it  :  comparison  between  Cantor  multilayer,  periodical 
multilayer  and  inferential  filter.  NLIF  is  nonlinear  interferential  filter,  SL  is  the  periodic  structure. 


Fig.9  -  Mulistability  of  a  periodical  (a)  and  Cantor  multilayer  ( N=3) ,( b)  of  equal  optical 
path. 


The  presence  of  the  sharp  transmission  peaks  of  the  Cantor  structure  can  also  be  used  to  time 
compress  short  pulses.  When  the  pulse  passes  through  a  filter,  its  shape  remains  unchanged  only 
if  the  filter  has  a  bandwidth  as  large  as  the  fi’equency  spectrum  of  the  pulse.  The  more  the 
bandwidth  is  narrow  with  respect  to  the  spectrum  of  the  pulse,  the  more  the  pulse  becomes 


larger,  because  the  higher  spectral  components  are  stopped  by  the  filter.  If  the  filter  is 
characterized  by  a  more  complex  transmission  function,  the  shape  of  the  pulse  can  deeply  change 
because  of  the  attenuation  of  some  spectral  components,  that  are  not  necessarily  the  higher  ones. 


F(I,„) 


CO 


Fig.  10  a)  transmission  spectrum  of  the  Cantor  filter  N=4,  b)  output  pulse 


There  can  even  result  a  modulation  of  the  original  pulse,  if  most  frequencies  are  attenuated 
except  a  particular  frequency  or  a  group  of  frequencies  centred  around  a  narrow  transmission 
peak.  This  is  shown  in  fig.  10.  In  this  case  the  output  pulse  is  composed  by  a  train  of  narrow 
pulses  with  a  total  temporal  extension  larger  than  the  duration  of  the  original  pulse  but  the  time 
extension  of  each  single  pulse  is  shorter  than  the  length  of  the  original  pulse.  The  central  pulse 
has  an  amplitude  that  is  almost  twice  the  amplitude  of  the  first  lateral  pulse.  After  a  proper 
filtering  action  to  eliminate  the  undesired  output  components,  a  compression  of  the  input  pulse 
results,  even  if  a  sensible  part  of  the  energy  has  been  reflected  back  to  the  input. 

The  presence  of  a  nonlinearity  changes  the  transmission  spectrum  in  a  very  complex  way  as  a 
function  of  input  intensity  and  may  result  in  a  compression  of  the  pulse  for  high  enough  peak 
power  of  the  pulse.  A  shift  of  the  carrier  frequency  of  the  pulse  may  also  occur.  Figs.  11  show 
some  examples  in  which  one  has  assumed  that  the  change  in  the  spectrum  of  the  filter  is 
produced  by  a  constant  intensity.  A  periodic  filter  is  not  able  to  give  any  appreciable 
compression . 


Fig.  1 1  a-  Input  pulse  ( in  time  )  centered  at  (0=  1 .78  x  10  s  ',  b)  Nonlinear  transmission  spectrum  of  a 
N=4  Cantor  multilayer  with  GaAsAl  /  GaAl,  c)  Transmitted  pulse  in  time  domain. 
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4.SELF-SIMILAR  RESONATOR  WITH  A  SECOND-ORDER  MATERIAL 


A  number  of  studies  have  discussed  and  demonstrated  various  methods  of  obtaining  a 
large  nonlinear  phase  shift  in  second-harmonic  generation.  Such  a  pulse  shift  is  the  outcome  of 
alternate  upconversion  and  downconversion  (cascading  effects)  of  energy  between  the 
fundamental  frequency  and  the  produced  wave.  The  processes  are  coherent  and  in  most  cases 
nonresonant  in  nature  so  that  are  accompanied  by  a  very  low  absorption.  To  be  more  specific  the 
nonlinear  effects  that  arise  fi-om  the  intensity-dependent  phase  distortion  that  ttffects  the 
fundamental  field  in  a  second-harmonic  generation  process,  are  produced  in  the  interaction 
between  two  propagating  waves  (at  co  and  at  2©)  in  condition  of  phase  mismatching.  Under  such 
conditions,  in  fact,  a  portion  of  the  energy  converted  to  second  harmonic  is  down  converted  into 
the  fundamental  with  a  phase  shift  that  depends  on  the  two  fields  intensities  and  on  mismatching. 
The  response  of  layered  structures  in  the  presence  of  cascading  can  be  studied  using  the 
formalism  of  transmission  line  already  used  for  treating  third-order  nonlinearities  suitably 
modified  Here  we  consider  a  quasi-periodic  structure  bounded  by  two  low  order  (N=2)  Cantor 
sets,  shown  in  fig.  12. 
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Fig.  12  Geometric  configuration  and  linear  transmission  spectrum  for  Ae  Cantor  multilayer  (  N=2) 
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It  includes  a  nonlinear  central  layer  between  linear  dielectric  multilayer  mirrors  with  fractal 
sequence.  It  is  therefore  a  structure  with  three  kinds  of  materials.  The  linear  transmission 
spectrum  (that  is  the  spectrum  at  very  low  power)  is  shown  in  the  figure.  The  nonlinear  response 
depends  in  this  case  also  from  the  new  parameters  that  are  the  phase  mismatch  between  the 
fundamental  and  the  harmonic  fields  and  their  intensities.  The  transmission  spectrum  when  the 
nonlinearity  is  working  is  somewhat  distorted  relative  to  the  linear  one;  it  loses  part  of  its 
symmetry  but  maintains  the  same  global  shape.  Bistability  curves  are  shown  in  figs.  13.  The 
greater  the  detuning  5  between  the  pump  signal  frequency  and  the  resonance  frequency  of  the 
filter,  the  more  the  bistability  is  emphasized.  For  detuning  values  below  some  critical  detuning, 
bistability  is  absent.  The  phase  mismatch  AKl  is  the  parameter  that  determines  the  position  of  the 
transmission  peaks  in  the  spectrum  (s.fig.14).  An  increase  in  the  number  of  layers  reduces  the 
input  intensity  threshold  for  bistability. 


5.  OPTICAL  PROPERTIES  OF  LAYERED  MESOSCOPIC  FRACTAL  STRUCTURES 

Until  now  we  have  considered  structures  in  which  interference  is  predominant,  that  means 
layer  thicknesses  larger  than  a  quarter  of  wavelength.  We  want  now  to  discuss  very  briefly  the 
case  in  which  the  thickness  of  the  whole  structure  is  less  than  a  wavelength.  In  this  case  the 
multilayer  structure  can  be  considered  as  a  uniform  effective  medium  and  the  propagation  of  the 
light  through  the  structure  can  be  described  in  terms  of  effective  linear  and  nonlinear 
susceptibilities  ‘^.The  results  depend  critically  on  the  direction  of  polarization  of  the  incident 
beam.  In  particular,  for  TE  polarization,  the  electric  field  is  spatially  uniform  within  the 
composite  material  and  the  optical  constants  of  the  composite  become  simple  averages  of  those 
of  the  constituent  materials  weighted  by  their  fractional  content.  So  for  a  structure  made  with 
two  materials  a  and  b  one  has 

n^=fan^+fbnj 

(8) 

where 

n^  =  4na+fbnb 

is  the  effective  refractive  index  ,  na 
respectively,  and 


(9) 

being  dtm  the  total  thickness  and  d  tot{a  and  d  tot|b  the  total  thickness  of  material  a  and  b, 
respectively. 

On  the  other  hand,  if  the  electric  field  is  polarized  TM,  it  becomes  nonuniformly  distributed 
inside  the  layers  of  the  composite  and  taking  advantage  from  the  boundary  conditions  at  each 
layer,  the  effective  linear  optical  constants  are  given  by 


and  nb  are  the  refractive  indices  of  materials  a  and  b, 
d, 


‘tot  I 


‘tot 


.  “tot  lb 

Ih  —  "T - 


‘tot 
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Figs.  13  -  Cantor  multilayer  filter  (  N=4)  a  )  transmission  spectrum  at  low  intensity,  b)  change  of  the 
transmission  spectrum  near  209  as  a  function  of  the  input  intensity  ,the  points  A  )  1=  0.1  GW/cm^  B) 
1=  2.6  GW/cm^ ,  C)  1=  7.7  GW/cm^,c)  Change  of  the  transmission  spectrum  v.s.  input  pump  intensity 
for  different  cavity  detuning 


AkI  =  9.8 


Fig  14  Cantor  transmission  spectrum:  effect  of  the  phase  mismatch  for  the  second  harmonic  generation 

process 


^  _  ^a  .  % 

2  2  2 
neff  Ha  % 

(10) 

The  effective  nonlinear  susceptibilities  of  second  and  third  order  are  given  by 
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for  the  materials  a  and  b,  respectively. 

If  a  triadic-Cantor  structure  is  considered,  the  "above  formula  remain  valid  but  the  fractional 
content  changes  as 


^totla  ^ _ 2^  da _ 

dtot  2*^da+(3N-2N)di, 

itotlb_  (3^-2^)db 

dtot  2Nda+(3N-2N)db 


(11) 

where  da  and  db  are  the  thickness  of  the  smaller  layers  of  the  structure.  Figs.  15  and  16  show 
for  example  the  increase  of  lUff  for  two  possible  Cantor  realizations  . 


6.  CONCLUSIONS 

A  discussion  about  different  kind  of  properties  of  quasiperiodic  multilayer  structures  is 
presented.  Different  geometrical  regimes  have  been  studied  ,  including  also  the  nonlinear 
properties  of  each  layer. 


Fig.  1 5  -  Enhancement  of  the  refractive  index,  for  Cantor  sets  with  layers  of  equal  thickness 


Fig.  16  .The  same  as  fig.  15  but  for  layers  of  equal  optical  path. 
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ABSTRACT 

We  apply  the  quasiadiabatic  approximation  for  the  femtosecond  pulse  propagation  in  a  collec¬ 
tion  of  excitons  in  the  case  of  weak  interaction  between  the  optical  pulse  and  the  semiconductor 
medium.  Using  the  semiconductor  Maxwell-Bloch  equations  beyond  the  slowly  varying  envelope 
approximation  we  show  that  the  dynamics  of  femtosecond  pulse  propagation  is  described  by  the 
modified  Korteweg-de  Vries  equation.  Bright  solitons  superimposed  on  a  continuous  wave  back¬ 
ground  are  found  and  their  stability  against  low  amplitude  perturbations  is  investigated.  Possible 
experiments  in  semiconductor  sustems  such  as  GaAs/AlGaAs  are  discussed. 

Keywords:  femtosecond  optical  solitons,  weakly  excited  semiconductors,  quasiadiabatic  following 


1.  INTRODUCTION 

Over  the  last  decade,  the  fast  development  of  colliding-pulse  mode-locked  lasers^  and  self- 
started  solid-state  lasers^  has  been  crowned  with  the  generation  of  6  -  10  femtosecond  (fs)  pulses 
for  wavelengths  ranging  from  the  blue-green  to  the  near  infrared.  Subsequently,  such  short  pulses 
have  been  widely  exploited  to  generate  a  unipolar  single-cycle  electromagnetic  pulse  in  a  variety  of 
nonlinear  media^.  The  spectroscopic  implementation  of  such  pulses  has  been  rather  straightforward, 
but  it  has  also  resulted  in  theoretical  studies  in  order  to  determine  whether  it  is  possible  to  describe 
correctly  the  dynamics  of  such  pulses  within  the  traditional  framework  of  the  slowly  varying  envelope 
approximation  (SVEA)  operating  with  a  quasi-monochromatic  field.  From  this  point  of  view,  the 
recent  observation,  pertaining  to  a  Kerr  self-focusing”*,  that  SVEA  loses  its  justification  long  before 
the  pulse  duration  approaches  an  optical  cycle  is  of  great  importance. 

The  physical  reasons  underlying  potential  difficulties  in  applying  the  SVEA  to  fs  pulse  dynamics 
can  be  easily  seen.  Both  the  wide  spectrum  of  the  pulse  and  its  intense  field  increase  the  number  of 
harmonics  that  have  to  be  included  into  the  expansion  of  the  polarization  in  powers  of  the  field  and 
phase-matching  conditions  must  be  adjusted  for  all  harmonics  simultaneously.  This  violates  the 
SVEA  basic  assumptions  of  a  weakly  nonlinear  and  strongly  dispersive  medium.  The  superposition 
principle  does  not  apply,  preventing  one  from  reducing  the  problem  to  a  finite  number  of  interacting 
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waves.  And  what  is  more,  quantum-mechanical  effects  come  into  action  at  the  subwavelength  scale. 
These  factors  imply  that  adequate  insight  into  the  nonlinear  evolution  of  optical  pulses  of  a  few 
cycles  should  be  obtained  in  terms  of  a  real  field  and  polarization  governed  by  a  self-consistent  set 
of  equations®. 

A  number  of  different  approaches  have  been  proposed  to  account  for  fs-pulse  dynamics  in 
nonlinear  media.  In  the  first  approach,  one  replaces  a  quantum-mechanical  description  of  the 
medium  by  a  nonlinear  permittivity  or  fit-based  response  function  that  is  then  used  in  extensive 
simulations  by  the  finite-difference  time  domain  method®’’^.  This  rather  practical  model  has  the 
advantage  that  the  fs  induced  polarization  is  described  by  a  single-valued  function  rather  that  a 
set  of  differential  equations  and  thus  the  computational  requirements  are  considerably  reduced.  It 
demonstrates  numerically  the  possibility  of  propagation  and  interaction  of  soliton-like  objects.  The 
problem  with  this  approach  is  that  it  is  not  a  priori  clear  which  features  are  genuine  and  which 
are  merely  artifacts  of  the  model.  For  example,  this  model  has  the  property  that  the  Kerr-soliton 
collision  is  of  qualitatively  different  behavior®  than  that  found  both  analytically  and  numerically 
within  the  framework  of  the  SVEA  based  integrable  partial  differential  equation  (PDE)®.  The 
second  class  contains  methods  based  on  an  analytical  treatment  of  a  Boussinesq  equation  rather 
than  of  Maxwell-Bloch  equations  (MBEs)®.  Although  it  incorporates  propagation  effects  such  as 
dispersion,  second-  and  third-order  nonlinearities,  this  approach,  however,  does  not  identify  a  proper 
physical  link  among  them.  The  method  in  the  third  class  makes  use  of  a  complete  set  of  semiclassical 
MBEs  for  a  two-level  medium  model,  trying  to  extend  the  soliton  phenomenology  to  the  fs  domain. 
The  existence  of  exact  soliton-like  solutions  to  the  MBEs  for  a  unipolar  pulse  has  been  shown 
analytically^®  and  numerically^^.  A  comprehensive  mathematical  treatment  of  the  exact  steady- 
state  solution  to  the  MBEs  for  a  carrier  wave  of  given  frequency  is  given  in  the  recent  works  by 
Branis  et  al  and  more  recently  by  Andreev^®.  The  general  approach,  used  in  Refs.  12-13,  is  the 
reduction  of  the  hyperbolic  wave  equation  to  an  elliptic  problem.  The  use  of  sophisticated  techniques 
and  the  aspiration  to  give  an  extensive  review  of  all  previous  methods  of  approximating  the  soliton- 
like  solutions  did  not  allow  the  authors  of  Refs.  12-13  to  classify  the  range  of  existence  and  stability 
of  the  solutions  they  found,  even  briefly.  In  particular,  the  relationship  with  the  exact  solution^® 
was  missing  in  their  analysis.  More  importantly,  these  solutions  imply  an  effective  energy  exchange 
between  the  pulse  and  the  medium.  This  raises  the  problem  that  it  is  not  clear  how  to  interpret,  say, 
the  behavior  of  a  semiconductor  laser /amplifier  for  which  a  gap  renormalization,  band  filling,  etc., 
have  been  shown  to  play  an  important  role  in  such  a  parameter  regime^^.  Furthermore,  it  has  been 
found  that  those  solutions  are  not  exact  solitons  because  they  do  not  possess  the  common  feature 
of  an  elastic  collision^®.  This  is  the  reason  we  have  concentrated  in  this  work  only  on  the  opposite 
case  of  the  weak  excitation  of  the  medium.  By  means  of  formal  use  of  quasiadiabatic  following 
method^®,  we  are  able  to  find  in  explicit  form  and  to  classify  all  the  solutions  in  this  restricted  class. 
Notice  that  preliminary  studies  have  been  reported  recently®’*^. 

In  this  work,  we  apply  a  quasiadiabatic  approximation  for  the  fs  pulse  propagation  in  a  col¬ 
lection  of  excitons.  This  means  we  restrict  our  analysis  to  the  case  of  weak  interaction  between 
the  pulse  and  semiconductor  that,  in  turn,  dictates  the  pulse  width  Xp  ^  where  c®  is  the 

forbidden  bandgap.  The  purpose  of  this  paper  is  to  go  beyond  the  SVEA  to  show  the  advantages 
of  the  self-consistent  description  based  on  the  coupled  semiconductor  Maxwell-Bloch  system  and 
to  impose  proper  relationships  among  nonlinearity,  dispersion,  dissipation  (or  amplification),  and 
backward-scattering  effects.  We  derive  an  asymptotic  analytic  solution  for  the  induced  polarization 
of  an  ensemble  of  excitons  at  low  density.  It  will  be  shown  that  the  low  density  limit  is  connected 
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to  the  situation  in  which  one  can  apply  the  quasiadiabatic  following  without  the  use  of  the  SVEA 
and  the  rotating- wave  approximation  (RWA).  The  predicted  quasiadiabatic  propagation  is  a  princi¬ 
pally  new  type  of  soliton,  which  does  not  obey  such  off-resonance  soliton  equations  as  the  nonlinear 
Schrodinger  equation  or  its  modifications.  Its  temporal  form  is  shown  here  to  be  quite  unique. 
Nevertheless,  it  shares  several  common  features  with  the  previous  extensively  studied  solitons  or 
with  ultrashort  electromagnetic  pulses  in  electrooptic  crystals. 

2.  BASIC  EQUATIONS 


In  this  section  we  present  the  basic  equations  that  govern  the  interaction  between  a  propagating 
fs  pulse  and  a  semiconductor  medium.  The  light-matter  interaction  is  treated  semiclassically  by 
solving  the  coupled  set  of  semiconductor  MBEs.  No  impurities,  finite  temperature  effects,  or  sample 
boundary  effects  are  included.  If  one  takes  fields  which  are  x  and  y  independent  then  the  classical 
wave  equation  becomes 

dz'^  ~  c2  df^  ~  dt^'  .  U 

where  E  is  the  electric  field,  V  is  the  total  macroscopic  polarization  obtained  by  summing  over  all 
wavevectors  k,  7^  =  2  dycPki  d^c  is  the  interband  dipole  matrix  element.  In  the  sumation, 
the  factor  2  counts  for  the  spin  degeneracy.  The  time  dependence  of  is  given  in  a  two-band 
semiconductor  limit  by  the  semiconductor  Bloch  equations^'^: 

^  Pk  “  (^c,k  H"  ^g)Pk 

+  {^eM  +  -  ^)dcvE  -  ^  V|k-q|Pq,  (2) 

q 

ih  —  ne,k  =  dycEPi^  -  dcvEP^,  (3) 

^e,k  with  Cj.  k  n  ’  ^t;,k  f, 

2me  2my 

Here,  c  labels  conduction  band  states  and  v  denotes  valence  band  states,  rria  is  the  effective  carrier 
(electron  or  hole)  mass  in  the  crystal,  n^.k  is  the  carrier  density  in  the  k-space.  The  summation 
in  the  right-hand  side  of  Eq.  (2)  is  conventionally  termed  a  Coulomb  hole  and  is  given  by  the 
departure  of  the  screened  Coulomb  potential  from  its  unscreened  value.  V (k)  is  given  by 


Vk 


r  _ 

SqPP  _  -f  l2mrU}plY 


(4) 


with  the  inverse  screening  length  k,  the  plasma  frequency  Wp/,  the  reduced  mass  of  an  electron-hole 
pair  mr,  and  the  dielectric  constant  of  the  crystal  eo-  For  simplicity  the  collision  terms  in  Eqs.  (2) 
and  (3)  are  neglected;  this  places  an  upper  limit  of  60  fs  on  the  pulsewidth  Tp  which  can  give  rise 
to  the  quasiadiabatic  following^®.  Since  we  are  interested  in  low  carrier  densities,  the  contribution 
dominated  by  changes  in  the  chemical  potential  (i.e.,  phase-space  filling),  conventionally  called 
screened  exchange,  can  be  neglected^^,  and  the  summations  Vk-qPqTiq,  Vk-qUqPq^  and 
2q  Vk-qPqPjk^  can  be  also  omitted  in  Eqs.  (2)  and  (3). 
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Following  the  steps  used  to  calculate  the  macroscopic  polarization  V  we  apply  the  Fourier 
transformation  to  Eqs.  (2)  and  (3), 


th  —  P{R,t)  =  H,eP{R,t)  +  dc,E{t)  [2n(R,t)  -  6(R)], 

^  =  ~  dcvE{t)P*{—K,t)  +  C.C., 


where  c.c.  means  complex  conjugate  and  the  screened  Hamiltonian  is  given  by: 

Ar  -  V(R), 


~  ~  2m. 


(5) 

(6) 

(7) 


where  R  is  the  coordinate  of  the  electron-hole  pair  to  a  lattice  site. 

Let  us  now  make  use  of  the  fact  that  the  solution  xpx  of  the  Wannier  equation  for  a  hydrogen-like 
atom  ^ 

^  Ar  -  V{R) 


2mr 


V>a(R)  =  exM^) 


(8) 


is  known^^,  ^  cxp(— where  as  is  the  excitonic  Bohr  radius  and  A  labels  the  discrete 
exciton  energy  states.  The  solutions  of  this  equation  form  a  complete  orthonormal  set  of  functions. 
We  can  use  them  to  find  the  polarization 


/ 


dRrPxmP{R,z,t)  =  Pxiz,t), 


and  the  carrier  density 

JdR  V’a(R)  n(R,2,t)  =  nA(z,t). 

Also,  we  can  represent  the  Bloch  equations  as  follows, 

d 


=  caFa  +  dcvE[2nx  -  ^a(F  =  0)], 
1%  ^  nx{z,t)  =  -  dc^EP;  -f  d:,EPx. 


(9) 

(10) 

(11) 

(12) 


In  its  most  logical  definition,  the  polarization  Px  and  the  excitation  density  nx  scales  with  the  wave 
function  defined  in  the  lattice  site,  i.e.. 


Px  =  V’a(F  =  0)A, 
nx  =  V’A(-R  =  0)hA- 


(13) 

(14) 


With  the  aid  of  these  relationships,  the  following  equivalent  pair  of  semiconductor  Bloch  equations 
may  be  derived. 


^  Fa  =  txPx  +  dcvE  {2hx  —  1), 

Q 

^  «A  =  -  dcyEP*x  -f  dr^^EPx. 


(15) 

(16) 
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Correspondingly,  the  macroscopic  polarization  V  may  be  written  as  follows: 

V{t)  =  =  0)1^ 

A 

For  weak  electric  fields,  the  electrons  are  predominantly  in  the  valence  band  and  the  classical 
Lorentz  limit  of  harmonically  oscillating  charges  is  accessible  via  linearization  of  Eqs.  (1),  (15)  and 
(16).  Correspondingly,  the  solution  is  a  mixture  of  the  photon  and  the  exciton,  called  a  polariton^^’^^ . 
Its  dispersion  relation  is  given  by 


LO  J  ^(wp  —  a;)’ 


(18) 


where  Af  =  2fiTa^  is  the  Sommerfeld  factor.  The  dispersion  varies  steeply  near  ujg  and  shows  a 
polariton  gap  for  semiconductors  of  width  ujlt  =  87rAfdl^%~^  in  which  propagation  is  forbidden, 
and  where  the  field  is  strongly  absorbed.  At  stronger  fields,  the  nonlinearity  described  by  Eqs.  (15) 
and  (16)  comes  into  action,  and  a  pulse  propagation  might  occur  in  the  gap.  It  is  notable  that  the 
strength  of  the  interaction  between  the  optical  field  and  the  nonlinear  medium  is  characterized  by 
the  dimensionless  parameter  a  =  —  Wp),  where  ujp  is  the  carrier  frequency  of  the  pulse^^. 

At  low  densities  a  «C  1,  the  backward-scattering  can  be  neglected,  and  the  wave  equation  can, 
in  turn,  be  decomposed  into  a  set  of  two  PDEs  of  the  first  order  describing  the  propagation  of  a 
forward-  and  backward-running  waves.  In  the  case  of  a  ~  1,  the  backward-scattering  can  not  be 
neglected  and  might  affect  essentially  the  dynamics  of  the  pulse  even  though  it  propagates  outside 
the  gap. 


3.  QUASI-TRANSPARENT  REGIME  OF  SOLITON  PROPAGATION 

In  this  section,  we  show  how  to  extend  the  framework  of  the  adiabatic  following^®  beyond  the 
SVEA  by  using  a  method  which  generalizes  the  recursive  approach  developed  by  Crisp.  Eq.  (15)  is 
a  first-order  differential  equation  for  Px,  and  one  can  formally  integrate  it  to  obtain 

Px{z,t)  =  ^  y  [1  -  2hx{z,T)] 

xE{z,t)  exp[—ioJx{t  —  t)]  dr  (19) 

where  ex  =  %ux.  This  equation  shows  that  if  one  knows  a  functional  relation  Px  =  Pxi^x-,  E)  among 
the  induced  polarization,  excitation  density,  and  the  pulse  field,  then  hx{E)  may  be  determined. 
Furthermore,  if  both  nx{E)  and  Px{nx,E)  are  known,  then  one  can  derive,  at  least  formally  by 
resolving  the  semiconductor  Bloch  equations  (16)  and  (19),  the  functional  relation  V  =  ^^{E).  This 
turns  the  wave  equation  into  a  nonlinear  PDE  for  E{z,t)  alone.  On  pursuing  such  an  algorithm, 
one  can  start  with  the  following  ansatz  used  for  the  integral  (19): 

/  [1  -  2hx{z^T)]  E{z,t)  exp[-^WA(^  -  t)]  dr 

J  —  CO 

=  —  E  ^  ^  1(1  -  (20) 
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which  presumes  that  the  dependence  n{E)  is  a  power  series  in  E  and  dEfdt.  The  convergence  of 
the  series  (20)  is  a  rather  difficult  problem  to  solve  and,  in  principle,  an  infinite  hierarchy  of  coupled 
equations  is  generated.  Thus  the  best  one  can  hope  to  do  is  to  truncate  this  expansion,  i.e.  to  find 
an  expansion  parameter  which  makes  such  a  truncation  meaningful.  In  general,  this  means  long 
pulses,  i.e.  oJxTp  ^  1,  which  is  essentially  the  approach  first  introduced  by  Crisp  whose  expansion 
parameter  was  s  =  l/(wg  —  iOp)Tp  <C  1-  This  condition  is,  obviously,  a  restriction  imposed  on  Tp 
because  the  pulsewidth  could  have  any  ratio  to  uix.  However,  this  restriction  allows  us  to  find  a 
novel  solution  in  an  analytical  form. 

In  the  linear  approximation,  when  the  excitation  density  remains  constant  n>  ~  hx{t  =  — oo), 
Eq.  (20)  gives  the  macroscopic  polarization 


V{E)  ~ 


AdcyVo 

TTCaOb 


(' 


(21) 


where  tq  =  [1  —  2hx{t  =  — oo)].  It  is  readily  seen  that  the  differential  operator  in  the  right-hand 
side  of  Eq.  (21)  describes  the  linear  dispersion  of  the  ensemble  of  excitons.  It  should  be  noted  that 
such  a  linear  response  can  be  also  obtained  by  means  of  expansion  of  the  SVEA  linear  susceptibility 
of  excitons,  defined  as 


X/(w) 


4Cexc  ^x 
Ztx  Uj\  — 


(22) 


in  the  low  frequency  limit  ^  Wp,  where  Cexc  =  e^feoaB  is  the  exciton  binding  energy. 

So  far,  we  were  interested  in  linear  properties  of  the  medium.  We  now  allow  nonlinear  effects 
to  occur  by  solving  Eq.  (16)  which  has  the  driving  term  in  the  form  of  the  expansion  (20).  As  in 
the  traditional  approach  of  Crisp,  who  used  both  SVEA  and  RWA,  the  excitation  density  evolution 
may  be  classified  as  a  transition  saturation.  To  simplify  the  derivation,  we  assume  that  the  pulse 
field  is  smaller  than  the  saturation  strength  ~  exl2dcv,  which  can  be  estimated  as  having  a  value 
around  10®  V/cm  for  wavelengths  from  the  visible  up  to  the  infrared.  Then  the  excitation  density 
takes  the  form: 

1  ro  A  1E^\ 

+  2  0  +  2El)^ 


nx{t)  =  - 


(23) 


where  Ex  =  exl2dcv 

In  deriving  this  equation  we  used  the  first-order  term  of  the  (l/eATp)-expansion  for  Px.  Thus 
the  first  nonlinear  term  contributing  at  the  polarization  is  proportional  to  E^  as  should  be  expected 
in  a  non-centrosymmetric  medium. 

From  Eqs.  (21)  and  (23),  one  can  derive  the  relation 


V{z,t) 


TTCa 


h'^d'^E 

A 


5^S)' 


(24) 


Note  that  we  dropped  all  terms  of  order  higher  than  two  in  the  expansion  (20),  and  that  both  am¬ 
plifying  and  absorbing  semiconductors  are  described  by  Eq.  (24).  It  is  also  of  particular  importance 
for  the  analysis  below  that  the  nonlinearity  and  dispersion  contribute  to  the  polarization  (24)  with 
the  same  sign.  Its  substitution  into  the  wave  equation  (1)  leads  to 


d^E 

dz^ 


1  ^ 

c2  dP 


1  +  16ro  —  ( 1 

CA  V 


dp) 


8ro 


^exc 

(■X 


(25) 
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This  can  be  further  simplified  by  means  of  the  following  argument.  Assume  that  spatio-temporal 
change  of  the  field  E{z,t)  is  caused  by  fast  transfer  of  the  pulse  along  the  characteristic  {t  —  2/c) 
assisted  by  slow  change  along  the  longitudinal  coordinate^”.  That  is, 


dE  dE 
dt  ^  ^  dz 


(26) 


thus  the  backward-scattered  wave  is  accounted  on  the  spatial  scale  longer  than  the  pulse  length.  But 
more  remarkable  consequence  of  this  assumption  is  that  it  eliminates  secularily  growing  forced  terms 
that  come  in  at  higher  order  perturbation  theory,  where  {exTp)~^  is  the  perturbation  parameter. 
Under  these  circumstances,  Eq.  (25)  becomes 


dE  1  dE  ^^dE  d^E 


(27) 


where  the  following  set  of  parameters  is  used 

Vg  =  c[l -|-47rroxK0)]"^^^7  = 

TTVo  r  d'^xi 


GttUo 


»'oXn/(0), 


C2  =  ro 


du;^ 


,  and  Xni(O)  = 


J  u;=0 


1  hij^LT  1 

47r  ex  El ' 


The  latter  parameter  relates  to  the  traditional  cubic  susceptibility  of  the  semiconductor  as  follows, 


XnKO)  =  ^X^^^(3w,a;,w,a;)  lu;=o  =  -^^)  |u;=o  • 

Equation  (27)  is  the  modified  Korteweg  -  de  Vries  equation  (mKdV)  which  belongs  to  the  class 
of  PDEs  integrable  by  the  inverse  scattering  transform^^"^^.  It  has  appeared  in  various  branches 
of  physics  as  anharmonic  lattices  and  as  Van  Alfven  waves  in  a  collisionless  plasma.  Moreover,  it 
is  needed  to  eliminate  secularily  growing  terms  in  a  formal  asymptotical  expansion  over  a  small 
parameter^"*.  Recently,  the  detection  of  mKdV  solitons  in  a  paraelectric,  along  with  the  relevant 
analysis  have  been  reported  by  Ikezi  et  al 

The  general  solutions  of  Eq.  (27)  are  governed  by  the  relative  sign  between  the  nonlinear  and 
dispersion  terms,  the  asymptotic  values  of  the  field  (the  boundary  condition)  and  by  the  pulsewidth. 
Calling  E{z  =  ±00)  =  Eoo,  the  general  single  soliton  solution  takes  the  form 

(28) 

Here 


E{z,t)  =  Eo 


1  - 


4e-^(l  -  EijE^) 


(1  -  EjEo  -  28'^t-PY  -t-  262e-2/?J 


13  —  {t  —  zlv)lTp  ^0,  E^  =  2E^  -|-  Eq,  S  —  EoojEo, 


1 

V 


27ri;?  ^  ^  " 

/ 

1  +  ^2  ^oXn((0)  (3Eoo  -1-  Eq) 

^  diiid  Tp  —  A  / 

mxnm 


j 


where  Eq  labels  the  maximum  amplitude  of  the  bright  soliton  whose  displacement  from  Eqo  is 
given  by  Ej,  that,  in  turn,  is  to  be  found  for  a  given  set  of  boundary  conditions.  It  turns  out  that 
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the  solutions  E{z,t)  lie  in  the  range  <  E  <  \/2Ed  -  Eoo-  They  describe  either  a  hump-like 
pulse  superimposed  on  a  continuous  wave  background,  i.e.  a  unbound  soliton,  or  a  hyperbolic- 
secant  solitary  pulse;  the  behavior  depends  on  the  value  of  Eoo-  The  transition  between  bound  and 
unbound  solitons  is  at  Eoo  >  0,  which  may  occur  when  the  semiconductor  is  biased  by  a  dc  electric 
field.  Exactly  at  this  condition,  the  unbound  soliton  (28)  is  excited  and  will  propagate  through  the 
medium  of  excitons. 

A  number  of  interesting  special  cases  can  be  identified.  In  the  limiting  case  Eoo  =  0,  one  can 
expect  that  the  general  solution  (28)  converges  into  the  hyperbolic-secant  form 


E{z,t)  =  - 


1 


Xn/(0) 


sech 


which  is  determined  exclusively  by  the  given  pulsewidth  Tp;  its  velocity  is 

1  =  [^1  ^ 

t>  t),  V  r}  c‘ 


(29) 


(30) 


This  leads  to  the  expected  result  that  the  soliton  (29)  has  a  lower  velocity  than  that  of  a  low- 
frequency  electromagnetic  wave  in  the  inverted  medium  (ro  =  1)  and  a  greater  velocity  than  that 
of  a  low-frequency  electromagnetic  wave  in  the  absorbing  one  (ro  =  —  1). 


Normalized  Time 


Fig.  1.  Normalized  intensity  versus  normalized  time  for  single  bright  solitons  on  a  continuous 
wave  background. 
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In  Fig.  1,  we  plot  the  intensity  of  the  unbound  soli  ton  (28)  for  different  ratios  6.  There  is  a 
typical  spreading  out  of  hump  amplitudes  for  values  of  6  >  1.  Consider  now  the  interaction  of 
two  single  solitons  (28).  Although  both  of  them  are  true  solitons,  and  the  collision  is  not  expected 
to  change  their  shapes,  the  presence  of  a  dispersive  wave  may  change  soliton  parameters,  such  as 
velocity,  position  within  a  sequence,  etc.  In  terms  of  underlying  physics,  this  may  arise  from  spon¬ 
taneous  emission  noise  in  an  illuminated  semiconductor  structure  or  from  residual  cw  radiation  in 
a  biased  semiconductor.  Since  the  excitation  of  the  medium  by  a  long  pulse  is  relatively  weak,  the 
cumulative  effect  of  the  nonsoliton  component  can  be  observed  in  the  collision  of  co-propagating 
solitons  rather  than  in  the  case  of  counter-propagating  ones.  The  results  of  our  numerical  simula¬ 
tion  of  the  collision  of  two  solitons  having  different  amplitudes  in  the  presence  of  the  non-soliton 
component,  taken  in  the  form  of  stochastic  function,  show  that  the  non-soliton  component  causes 
negligible  small  perturbations  to  the  soliton  amplitudes,  but  has  a  significant  effect  on  the  rate  of 
the  decay  of  coupled  solitons  and  results  in  considerable  temporal  shift  of  the  solitons.  Note  that 
the  interaction  length  reveals  a  well-defined  stochastic  oscillatory  behavior  and  that  the  amplitude 
of  these  oscillations  depends  on  the  amplitude  of  the  non-soliton  component. 

4.  CONCLUSIONS 

The  experimental  observation  of  quasiadiabatic  following  of  fs  optical  pulses  in  semiconductors 
was  reported  by  Harten  et  al  using  a  0.37  mm- long  GaAs/AlGaAs  guiding  structure  at  room 
temperature.  The  experiment  showed  that  powerful  below-resonance  pulses  (~  1  —  lOGW/cm^)  of 
a  100-fs  pulsewidth  can  be  driven  out  of  adiabatic  following  prescribed  for  two-level  atoms^®;  the 
pulse  breakup  and  significant  delay,  exceeding  the  pulsewidth,  were  observed.  These  features  of  the 
propagation-induced  escape  were  identified  with  carrier  density  oscillations  in  the  semiconductor. 

It  would  be  of  interest  to  verify  our  results  experimentally  for  semiconductor  systems  like  that 
one.  It  is  anticipated  in  our  study  that  the  effects  of  phase-space  filling  and  exciton  screening  may 
be  quasiadiabatically  ruled  out,  and  pulses  of  a  given  shape,  duration,  and  velocity  can  propagate 
within  the  gap  (  see  Eq.  (18)).  Thus  line  broadening  can  be  neglected.  On  the  other  hand,  the 
regime  of  quasiadiabatic  following  requires  that  the  pulse  contain  several  optical  cycles,  and  hence 
sets  a  window  for  the  pulsewidth  used  in  experiments.  In  addition,  one  must  have  a  structure  as 
long  as  several  soliton  interaction  lengths  in  order  to  ensure  the  soliton  formation.  To  the  best  of 
our  knowledge,  there  have  not  been  to  date  snap-shots  of  steady-state  shapes  and  measurements  of 
velocities.  The  first  step  is  thus  to  do  shape  measurements  to  see  if  the  pulse  reaches  the  steady- 
state  shape  corresponding  to  the  given  pulsewidth  and  the  material  parameters.  If  the  soliton  is 
observable,  its  shape  can  be  changed  by  a  seeding  dc-field,  and  this  provides  a  further  test  on  the 
theoretical  predictions.  Summarizing  over  all  these  demands,  the  above  referenced  semiconductor 
structure  of  a  1  cm  length  may  yield  the  predicted  behavior  upon  a  10  GW /cm^  excitation  by  a 
Ti:sapphire  laser  generating  20-60  fs  pulses  at  A  =  850  —  940  nm.  Regarding  possible  applications, 
the  sensitivity  to  boundary  conditions  on  the  pulse  width  and  pulse  shape  can  make  the  predicted 
bright  soliton  on  a  continuous  background  an  effective  tool  for  semiconductor  signal  processing. 
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Abstract 

The  Wavelet  transform  is  a  very  common  and  useful  tool  for  image  processing  and  com¬ 
pression,  however,  it  requires  heavy  computations.  Optics  is  useful  for  rapid  computation  of 
parallel  information  channels.  In  this  paper  various  important  approaches  for  the  optical  im¬ 
plementation  of  2-D  Wavelet  transform  as  well  as  the  optical  Wavelet  processor  are  presented 
and  discussed. 


1  Introduction 

Fourier  processing  of  transient  signals  having  short  temporal  or  spatial  extent,  is  usually  corrupted 
by  high  frequency  noise  coming  from  periodic  mode  contributions  outside  the  short  temporal  or 
spatial  extent.  To  overcome  this  obstacle,  a  new  type  of  transformations  was  defined.  One  premier 
solution  was  the  windowed  Fourier  transforms,  or  the  Gabor  transform  [1].  In  this  approach  the 
Fourier  transform  is  applied  over  the  product  between  the  input  signal  and  a  fixed  window.  The 
window’s  position  may  be  shifted  however  its  width  remains  constant.  Such  transform  overcame 
some  problems  but  created  others  as  instabilities  when  noisy  transient  signals  were  analyzed  (for 
instance  for  seismic  signals  analysis)  [2].  A  different  solution  was  the  Wavelet  transform  (WT)  [3]. 
This  transform  includes  a  decomposition  of  a  function  according  to  scaled  and  shifted  versions  of  a 
basic  function  called  ’’mother  Wavelet  function”  [4,  2].  This  solution  handled  successfully  not  only 
the  processing  of  transient  noisy  signal  but  was  also  well  adapted  for  handling  data  compression 
and  bandwidth  reduction  [5],  optical  pattern  recognition  [2,  4],  sound  analysis  [6],  representation 
of  fractal  aggregates  [7]  etc. 

Section  2  provides  the  mathematical  background  on  WT.  Sections  3-8  illustrate  various  ap¬ 
proaches  for  the  optical  implementation  of  the  2-D  WT.  Those  approaches  include  time  multiplex¬ 
ing,  recycled  2-D  WT,  lenslet  array,  multi-reference  matched  filter,  and  finally  multichannel  and 
wavelength  multiplexing  approaches. 
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2  Mathematical  Background 


The  2-D  Wavelet  transform  (WT)  of  the  signal  f{x,y)  is  defined  as: 

/oo  roo 

/  fix,y)h*,^{x,y)dxdy 

>oo  J — oo  ’ 


(1) 


where  h{x^y)  is  the  ’’mother  Wavelet”  function  which  is  a  typical  window  function  carrying  a  mod¬ 
ulation  term,  and  h^^{x^y)  the  generated  scaled  and  shifted  function  coined  ’’daughter  Wavelet”: 


yjdx^y  V 


y-h\ 

ay  J 


(2) 


where  b  is  the  shift  amount,  a  is  the  scale  parameter  and  is  the  normalization  factor.  In 

many  practical  applications  a  global  scaling  factor  is  used  a  -  —  dy  instead  of  a  vector  a.  Thus, 

one  may  deal  only  with  a  3-D  distribution: 

/oo  roo 

/  f{x,y)hl^x,y)dxdy  (3) 

-OO  J  —  oo  ' 


where 


Since  Eq.  3  represents  a  correlation  integral  the  WT  may  also  be  written  in  the  frequency  domain 


as 


/OO  roo 

/  F(u,  v)H'^{du^  av)  exp[27ri(i£6x  +  vby)]dudv 
-oo  J  “OO 


(5) 


which  is  an  inner  product  between  F(u,t;),  the  Fourier  spectrum  of  the  signal  and  H{du^dv)  the 
Fourier  transform  of  the  scaled  Wavelet  function.  Eq.  5  is  the  basis  for  the  optical  implementation 
using  an  optical  correlator  and  a  bank  of  Wavelet  filters. 

Using  its  WT  components  a  signal  may  be  reconstructed,  based  on  the  inverse  Wavelet  transform 
(IWT)  which  for  the  2-D  signal  is  defined  as: 


roo  roo  roo  i  ^ 

/(a:,2/)  =  C"W  /  /  -^W{a,b)h^^x,y)dadb, 

J —OO  J —  OO  J  —  oo  ^  ’ 


db,j 


(6) 


where  C  is  a  constant  (known  as  the  admissible  factor)  needed  to  be  finite  in  order  to  obtain  the 
reconstruction  of  the  signal  out  of  its  Wavelet  components. 

For  digital  calculation  of  the  WT,  the  discrete  version  of  the  Wavelet  is  used.  This  version 
treats  in  a  discrete  way  both  the  scale  and  the  shift  variations.  In  optics,  it  is  common  to  perform 
a  hybrid  WT,  e.g  discrete  scales  but  continuous  shifts,  therefore  using  a  discrete  dilation  factor 
a.  With  the  selection  of  a  =  2”  where  n  =  -oo,...,— 1,0, l,...oo,  the  discretization  generates  an 
orthogonal  basis.  Equation  6  now  becomes: 

n—oo  -OQ  - 

f{x,y)  =  C--^  Y,  /  /  ^W{2\b)h^„^ix)db,dby  (7) 
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Thus,  the  input  signal  will  be  expressed  as  a  linear  combination  of  the  orthogonal  Wavelets.  Similar 
to  the  WT,  the  inverse  Wavelet  transform  is  a  correlation  between  the  daughter  Wavelet  and  the 
signal’s  WT.  Therefore,  it  can  be  implemented  by  an  optical  correlator  as  well. 

3  Time  multiplexing  2-D  WT 

Since  the  2-D  WT  can  be  interpreted  as  a  correlation  between  the  mother  Wavelet  h{x,  y)  scaled  by 
a  dilation  factor  a  and  the  input  function  f{x,y),  the  most  direct  approach  for  optically  achieving 
the  2-D  WT  is  to  use  the  Vander  Lugt  correlator  [7].  The  necessary  matched  filter  is  essentially  the 
Fourier  spectrum  of  the  daughter  Wavelet.  However,  since  each  daughter  Wavelet  requires  the  whole 
2-D  plane,  it  was  impossible  to  create  a  matched  filter  that  contains  a  bank  of  daughter  Wavelets  at 
one  location.  Instead,  the  proposed  architecture  was  based  on  time  multiplexing  different  matched 
filters  (temporal  representation  of  the  matched  filter),  where  each  matched  filter  contains  a  Fourier 
spectrum  of  a  different  daughter  Wavelet.  Therefore,  the  major  disadvantage  of  the  suggested  setup 
consists  of  not  being  a  real  time  configuration. 

4  Recycled  2-D  WT 

Another  approach  for  achieving  a  2-D  WT,  that  keeps  the  real  time  ability  of  optics,  was  based  on 
recycling  the  input  through  an  optical  correlator  and  using  the  magnification  and  minifying  ability 
of  optics  to  scale  it  while  keeping  the  mother  Wavelet  at  same  scale  [8].  Fig.  1  describes  the  above 
setup.  The  straight  path  proceeding  from  IN  to  OUT  convolves  the  input  with  h{x,y)  using  the 
standard  Vander  Lugt  correlator.  The  feedback  loop  that  appears  at  the  upper  side  of  the  two 
polarizing  beam  splitters  (PBS),  scales  and  shifts  the  input  function  by  the  factor  a  each  time  it 
circulates  through  the  loop.  This  approach  has  several  disadvantages.  First,  it  is  against  the  pure 
spirit  of  the  WT  to  scale  the  input  instead  of  the  mother  Wavelet.  Second,  the  recycled  correlator 
requires  very  high  stability,  hence  making  the  system  robust  and  expensive.  Third,  its  number  of 
cycles  is  limited  to  5-7  as  reported  by  the  proposers  of  this  system. 


5  Lenslet  array  2-D  WT 


Another  approach  for  performing  the  2-D  discrete  Haar  WT  [9],  can  be  realized  by  applying  a 
lenslet  array,  where  the  Haar’s  mother  Wavelet  is  a  bipolar  step  function: 


h{x,y)  =  {rect 


-  rect 

}{rect  j 

K-^)] 

-  rect 

1 - 1 

CO  1 

1 

■  ■ 

}  (8) 


A  set  of  8  X  8  discrete  Wavelets,  each  of  which  consists  of  8  x  8  discrete  values,  are  indexed  by 
translation  factors  from  (1,1)  to  (8,8)  with  one  fixed  dilation  factor,  and  are  shown  on  the  video 
monitor.  An  8  x  8  array  of  lenslets  is  designed  so  that  each  lens  images  a  specific  Wavelet  submatrix 


365 


onto  the  input  function  f{x,y)  which  is  represented  on  the  SLM.  The  submatrices  of  the  Wavelets 
are  superposed  upon  the  input  image,  and  the  transmitted  beam  from  the  SLM  is  collected  to  form 
an  8  X  8  pixel  array,  which  represents  the  8x8  products  of  the  2-D  Wavelet  submatrices  with  the 
2-D  processed  image.  In  input  plane,  each  pixel  (x,-,  j/jt))Corresponds  to  the  WT  of  the  input  image 
with  one  daughter  Wavelet  of  a  specific  dilation  factor,  and  a  matching  translation  factor 

The  above  approach  has  some  very  apparent  disadvantages.  The  output  result  has  discrete 
translation  factors  and  a  fixed  dilation  factor.  The  WT  for  different  daughter  Wavelet  functions  with 
different  dilation  factors  can  be  only  computed  sequentially.  Moreover,  here  the  spatial  resolution 
is  limited  by  the  possible  number  of  channels  at  the  input  plane. 

6  Multi-reference  matched  filter  2-D  WT 

A  recent  approach  [10]  for  implementing  a  real  time  2-D  WT  is  based  on  the  Vander  Lugt  4  -  / 
configuration  with  a  multi-reference  matched  filter,  where  each  daughter  Wavelet  is  encoded  with 
a  different  reference  beam.  Fig.  2  shows  a  magnification  of  the  matched  filter.  One  can  recognize 
the  four  different  rings  due  to  the  four  daughter  Wavelets.  In  the  experiment  [10],  a  full  separation 
between  the  different  orders  was  obtained.  The  system  provides  several  daughter  Wavelets  responses 
simultaneously,  at  different  locations,  in  real  time.  Similar  to  the  last  system  (section  5),  this  is 
also  a  spatial  multiplexing  of  the  3-D  data.  However,  it  requires  full  separation  between  the 
spectra  of  the  different  daughter  Wavelet  functions.  Thus,  cases  where  the  Fourier  transforms  of 
two  daughter  Wavelets  are  not  mutually  exclusive  will  produce  cross  talk  and  practically  have  no 
usefulness.  Therefore  most  of  the  popular  mother  Wavelets  functions  can  not  be  realized  efficiently 
by  this  system. 

7  2-D  multichannel  WT 

Once  again  for  optical  implementation  the  well  known  Vander  Lugt  4 -/  configuration  may  be  used, 
where  the  matched  filter  is  a  bank  of  Wavelet  functions  in  the  Fourier  domain.  For  simultaneously 
displaying  the  whole  2-D  WT  daughter  Wavelet  set,  one  needs  to  replicate  the  input  function  or 
it’s  Fourier  transform,  and  to  process  each  replica  with  a  different  daughter  Wavelet,  i.e,  to  use 
different  channels  spatially  separated  per  each  daughter  Wavelet  [11]. 

The  first  step  towards  such  a  multichannel  system  is  to  replicate  the  spectrum  of  the  input  object 
into  different  channels.  This  can  be  achieved  by  the  use  of  Dammann  gratings.  By  multiplying 
the  input  signal  /(x,  y)  with  a  Dammann  grating  in  the  input  plane  of  a  conventional  Vander  Lugt 
4  -  /  correlator  (Fig.  3),  a  2-D  array  of  equally  spaced  replicated  spectrum,  F{u,v)  is  realized  at 
the  focal  plane  of  the  correlator  (see  Fig.  4).  Since  each  image  has  to  be  processed  with  a  different 
daughter  Wavelet,  a  specifically  designed  matched  filter  is  introduced  at  the  Fourier  plane.  The 
matched  filter  consists  of  an  array  of  channels,  each  corresponding  to  the  Fourier  transform  of  a 
different  daughter  Wavelet  scaled  with  a  different  dilation  factor  a  (but  without  the  shift  vector, 


6  =  0).  The  attained  matched  filter  may  be  described  as: 

m=N  n—N 

MF{u,v)=  ^  ^  H*[am,n{u  -  nuo,v  -  mvo)]  (9) 

771=-“  AT  n=—N 

The  matched  filter  is  designed  so  that  the  location  of  each  daughter  Wavelet  spectra  matches  the 
exact  location  of  the  replicated  input  image  spectrum  from  the  Dammann  grating,  and  therefore 
the  array  of  the  input’s  Fourier  spectrum  is  superimposed  on  the  matched  filter’s  array  of  Wavelets 
spectra.  Fig.  5  sketches  the  locations  of  the  different  Wavelet  spectra,  and  one  can  easily  compare 
them  to  the  locations  of  input’s  replicated  spectra  described  in  Fig.  4.  At  the  second  half  of 
the  correlator  a  second  Fourier  transform  is  performed,  thus  exhibiting  correlations  signals  in  the 
output  plane.  Each  correlation  corresponds  to  the  WT  of  the  input  signal  with  the  given  daughter 
Wavelet  function.  Therefore,  a  2-D  WT  for  each  of  the  daughter  Wavelets  have  been  realized  at  the 
output  plane.  However,  since  the  output  plane  is  an  image  of  the  input  plane,  all  the  transforms 
will  appear  as  a  zero  order  diffraction  and  hence  will  be  superposed  upon  each  other.  Therefore,  in 
order  to  simultaneously  and  separately  display  the  Wavelet  decomposition,  each  daughter  Wavelet 
should  be  encoded  with  a  different  reference  beam  and  different  incident  angle  a,  thus  producing 
a  multi-reference  matched  filter  (MRMF).  The  impulse  response  of  the  MRMF  forms  an  array 
according  to  the  different  reference  beams  (and  the  required  locations  of  the  final  WT  orders) 
and  thus,  achieves  spatial  multiplexing  in  the  output  plane.  Naturally,  the  MRMF  is  based  on  the 
matched  filter  described  in  Eq.  9  with  the  addition  of  the  reference  beam  a.  For  (2A  +  1)  X  (2iV  +  l) 
WTs  the  MRMF  is  defined  by 

m=iV  n—N 

MRMF{u,v)=  ^2  ^  ni^i- -  nuo,v  -  mvo)]  + exp{-iamU  -  ianv))  (10) 

77i=— iV  n-^-N 

where  H{u^v)  is  the  Fourier  transform  of  the  mother  Wavelet  h{x^y)  and  is  the  different 
dilation  factor.  One  should  note  that  and  a„  are  the  horizontal  and  the  vertical  components  of 
the  vector  hence  producing  two  tilt  directions  to  the  reference  beam.  In  order  to  ensure  the 

separation  of  the  different  WT  orders  at  the  output  plane,  has  to  be  larger  then  a  minimum 

value  lar^fnl  which  is  determined  according  to  the  maximal  frequency  present  in 


8  2-D  continuous  WT  with  wavelength  multiplexing 


In  this  approach  the  Wavelet  components  for  the  different  scale  factors  are  achieved  with  different 
wavelengths  [12,  13].  The  suggested  optical  setup  is  illustrated  in  Fig.  6.  When  illuminated  by  a 
white  light  point  source,  the  field  distribution  of  the  input  pattern  obtained  in  the  Fourier  plane 
can  be  written  as: 


Ujtr(u,  V,  A) 


A/ 


(11) 
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where  5(A)  is  the  spectral  distribution  of  the  input  white  light  point  source,  t/,„  is  the  Fourier 
transform  of  Uin  and  a  constant  phase  factor  was  omitted.  Thus,  after  passing  through  the  spatial 
filter,  the  resulted  distribution  is  up{u,v,  X)H{u,v),  where  H{u,v)  denotes  the  Fourier  transform 
of  the  mother  Wavelet.  The  field  distribution  obtained  in  the  output  plane,  is: 


j  roo  roo 

Uout{bi,b2,X)  =  Tf  /  UF{u,v,X)H{u,v)ex-p 

J —oo  J — oo 
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dudv 
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A  simplification  of  the  last  expression  results  with: 

/oo  roo  /b  —  X  b  -  y\ 

J  Uin{x,y)h^-^^^,-^jj-jdxdy  (13) 

Assuming  that  the  spectrum  of  the  illumination  source  5(A)  is  uniform,  one  obtains: 

/oo  roo  /  b  —  X  b  —  v\ 

J  u,n{x,y)h\^-^^,-^^jdxdy  (14) 

where  W{Xf,bx<,by)  is  the  Wavelet  decomposition  expression.  A  comparison  between  Eq.  14  and 
the  definition  of  the  2-D  WT  (see  Eq.  3)  shows  complete  agreement.  If  in  the  output  plane  a 
color  filter  is  placed,  then  each  Wavelet  decomposition  may  be  seen  separately.  Note  that  since 
the  wavelength  spectrum  is  continuous  the  obtained  WT  is  also  continuous.  Nevertheless,  since 
the  wavelength  domains  of  a  typical  white  light  point  source  is  between  300nm  and  700nm,  the 
possible  continuous  scalings  is  limited  within  this  range. 


9  The  optical  Wavelet  processor 

The  2-D  Wavelet  processor  is  based  on  two  steps  in  cascade.  The  first  is  the  implementation  of  the 
2-D  WT,  which  may  be  implemented  by  one  of  the  methods  previously  discussed.  The  second  step 
is  the  realization  of  the  IWT  and  the  reconstruction  of  the  2-D  signal  from  it’s  Wavelet  components. 
Fig.  7  proposes  a  setup  that  implements  the  Wavelet  processor,  based  on  the  multichannel  approach. 
The  Dammann  grating  replications  generates  highly  efficient  channels  per  each  different  daughter 
Wavelet.  By  applying  a  simple  computer  generated  multi-reference  matched  filter,  a  2-D  WT  set 
of  the  input  signal  is  simultaneously  generated  halfway  into  the  setup.  After  applying  a  second 
computer  generated  multi-reference  match  filter,  the  input  signal  is  reconstructed  from  its  WT 
components  and  displayed  in  the  output  plane.  In  between  the  two  steps  (in  the  intermediate  plane), 
filtering  in  the  Wavelet  plane  can  be  performed  for  Wavelet  processing.  The  reconstruction  is  based 
only  on  the  chosen  Wavelet  components,  and  therefore  the  whole  setup  serves  as  a  flexible  analysis 
Wavelet  processor.  Interesting  experimental  results  of  the  discussed  setup  have  been  demonstrated 
by  Ref.  [14],  as  for  instance  a  Wavelet  processing  of  a  ’’Lenna”  picture  by  a  Mexican-hat  mother 
Wavelet. 
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10  Conclusions 


This  paper  has  reviewed  various  approaches  used  for  optical  implementation  of  the  2-D  Wavelet 
transform.  The  approaches  included  the  time  multiplexing  approach  that  temporally  replaced 
the  Wavelet  functions,  the  recycling  approach  which  consists  of  recycling  the  input  through  an 
optical  correlator  and  using  the  magnification  and  minification  ability  of  optics,  the  lenslet  array 
approach  that  uses  a  lenslet  array  to  implement  a  2--D  Haar  WT,  the  multi-reference  matched  filter 
approach  that  encodes  each  daughter  Wavelet  with  a  different  reference  beam,  the  multichannel 
approach  that  replicates  the  spatial  spectrum  of  the  input  signal  in  order  to  process  it  simultaneously 
by  different  daughter  Wavelets  and  eventually  the  wavelength  multiplexing  approach  where  the 
different  scales  of  the  mother  Wavelet  are  achieved  by  using  a  white  light  point  source.  Finally, 
using  the  multichannel  method  a  2-D  Wavelet  processor  was  discussed  and  implemented. 
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Figure  3:  Optical  correlator  with  Dammann  gratings  for  a  2-D  WT. 
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Figure  4:  A  2-D  array  of  replicated  spectra,  F{u,v)  is  realized  at  the  focal  plane  of  the  correlator. 
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Figure  5:  The  location  of  each  Wavelet  spectra  in  the  filter  matches  the  exact  location  of  the 
replicated  spectra  of  the  input  function. 
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Figure  6:  The  suggested  setup  for  the  implementation  of  the  2-D  continuous  WT  with  wavelength 
multiplexing. 
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Figure  7:  The  suggested  setup  for  the  implementation  of  the  2-D  Wavelet  processor. 
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ABSTRACT 

In  this  paper,  the  density  of  modes  in  quantum  cubic  cavities  is  calculated  taking  into  account  the  small  number 
of  modes.  Then  the  "spatial  quantisation"  fluctuations,  which  appear  as  a  correction  factor  in  the  mode  density,  are 
introduced  in  the  Planck  law.  The  discrete  form  of  the  Planck  radiation  spectrum  is  demonstrated  and  the  limits  of  this 
double-quantum  regime  of  the  cubic  cavity  are  set  for  the  product  of  cavity  size  by  temperature,  LT6(0. 1,  1).  A  reciprocity 
rule  for  the  cavity  size  and  the  temperature  is  shown.  Calculating  the  total  energy  in  the  quantum  cubic  cavities  (QCC),  we 
found  out  a  "corrected"  Stefan-Boltzmann  law  for  the  double-quantum  regime.  Furthermore,  the  corrections  for  all 
thermodynamic  functions  of  the  photon  gas  in  QCC  are  given. 

Keywords;  quantum  cubic  cavity,  discrete  Planck  spectrum,  thermodynamics  of  photon  gas 


1.  ELECTROMAGNETIC  MODES  IN  A  CUBIC  CAVITY 

In  a  box-shaped  (parallelepiped)  cavity  with  the  dimensions  lx  »  ^y  »  ^z  »  filled  with  a  linear,  homogeneous, 
isotropic  medium,  the  standing  waves  (normal  modes,  states)  can  be  adequately  described  using  the  Hertz  vector,  zj^  = 
a|^(t)  exp  (ik|^r),  whose  amplitude  satisfies  the  harmonic  oscillator  equation 

%  (0  +  47t^f^  (t)  =  0,  (1) 

while  the  phase  satisfies  periodicity  conditions  over  the  box  size  L.  In  eq.(l),  k^^  =  27cmj^  /\^  ,  ky  =  27tmy  /ly  ,  k^  = 
2nm^  /I2  are  the  components  of  the  wave  number  vector,  ( m^^ ,  my ,  m^ )  are  integers  and  zero  and  f  -  the  temporal 
frequency.  We  consider  the  case  of  cubic  cavity  ( 1^^  =  ly  =  1^,  =  L,  without  any  condition  on  L).  The  frequencies  of  the 
normal  modes,  fq  ,  form  a  discrete  spectrum  defined  by  the  equations: 

fq  =  (v/L)  Vq  ,  (Eq  =  hfq  =  (hv/L)  Vq  =  (hv/27t)  1  kq  | ),  (2) 

with  V  -  the  wave  propagation  speed  in  the  cavity  and  q  -  the  integer  level  number,  which  satisfy  the  ''spatial  quantisation" 
condition: 


q=  (mx)^  +  (my)2  +  {m^)^  (3) 

The  allowed  triplets  of  integers  of  this  Diophantine  equation  in  the  case  of  the  cubic  cavity  (Gauss  solution)  are  all 
numbers  which  do  not  lead  to  level  numbers  of  the  form:  q  (p,  1 )  =  4P  (81  +  7),  (p  and  1  positive  integers)*  *. 

Lord  Rayleigh  and  Jeans  have  demonstrated  that  the  asymptotic  number  of  the  allowed  cavity  modes  (for  mj^  >  0, 
(k  =  x,y,z)  and  two  polarisations)  is 
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(4) 


Nq  =  (87rL3/3v3)  =  __  (q^q) 

The  mean  density  of  the  allowed  cavity  modes  (in  the  frequency  unit  interval  and  unit  volume)  has  the  form: 

Dq  =  (lA^)(dNq/df)  =  87:fq2/v3.  (5) 

The  result  (5)  may  be  shown  to  be  generally  valid  whatever  the  shape  of  the  box^. 

We  have  observed  that  the  number  of  degenerate  modes  in  the  cavity  spectrum  (modes  with  same  q,  frequency 
and  energy)  or  the  weight  of  the  cavity  levels,  g(q),  is  strongly  and  randomly  fluctuating,  for  small  q.  (Fig.  1).  We  found 
out  the  asymptotic  value  of  the  weight  (for  a  single  polarisation)  as: 

g(q)  =  2n7q.  (6) 

Eq.(6)  shows  that  the  weight  of  the  successive  levels  increases  linearly  with  their  frequency. 

There  are  combinations  of  integers  which  did  not  satisfy  the  eq.(3)  leading  to  “antiresonances*’  in  the  spectrum. 
(These  modes  carry  the  zero-point  energy  only). 


g(q) 


Fig.  1 .  The  weights  of  the  cubic  cavity  levels,  g(q)  for  q  <  200.  This  distribution  is  strongly  and  randomly  fluctuating. 
The  average  of  the  distribution  g(q)  follows  the  asymptotic  trend  2ivlq.  The  antiresonance  frequencies  can  be  identified  as 
points  on  the  q-axis  (g(q)  =  0).  In  QCC,  there  are  maximum  16  antiresonances. 


Thus,  we  had  the  first  problem  of  deriving  a  more  general  formula  for  the  density  of  modes  of  the  cubic  cavity, 
dNqi/df,  taking  into  account  the  degeneracy  fluctuations  (for  small  number  of  levels).  From  the  general  expression  of  the 
weight,  we  can  write  (for  2  polarisations): 
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dNqj  _  dNqj  /  dq 


. . . 


df  df/dq  ''  dq 

=  2.(L/v)2V^-g(q)  =  4(L/v)2f.g(q) 


Aq 


and 


(7) 


Dq,  =- - SL  =  4l(L/v)2f.g(q)  =  4  — (L/v)2f.27tVq-^  = 

V  df  V  '  V  InJq 

(8) 

The  formula  (8)  is  different  from  the  classical  one  by  the  strongly  fluctuating  factor  ^  (q)  (around  1),  which  includes  the 
mode  degeneracy  (spatial  quantum  effects)  (Fig.3). 


C(q) 


Fig.  2.  The  random  fluctuation  of  the  factor  ^(q)  around  the  unit  value  (graph  with  jointed  points);  the  dots  represent  the 
calculated  average  number  of  modes  on  constant  frequency  intervals  and  show  that  the  classical  (asymptotic)  mode  density 
can  be  reached  when  q  >  100,  by  the  averaging  of  the  actual  mode  density. 


We  define  quantum  cubic  cavities  (QCC)  as  the  cavities  with  a  small  number  of  levels  (and  modes),  more 
precisely,  with  a  special  upper  limit  on  the  highest  significant  level  (HSL)  in  the  cavity:  q.^,  <  100.  In  this  case,  the 
degeneracy  fluctuations  play  a  significant  role  in  QCC  leading  to  the  discrete  Planck  spectrum.  For  q,^  >  100,  the  classical 
mean  density  formula  can  be  safely  used  and  the  continuum  Planck  spectrum  can  be  derived  and  observed. 
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2.  PLANCK  DISCRETE  RADIATION  SPECTRUM  IN  A  CUBIC  CAVITY. 


Max  Planck  quantified  the  linear  harmonic  oscillator  in  order  to  avoid  the  divergence  of  the  Rayleigh  and  Jeans 
radiation  spectrum  at  high  frequencies  (ultraviolet  catastrophe)  ^  The  mean  energy  of  the  quantum  oscillator  for  any 
temperature  T  inside  the  cavity  is:  ei  =  hf  [exp(hf/kT)  -  1  ]*  ^  (9) 

(where  h  is  the  Planck  constant).  With  this  mean  energy  and  the  mode  density  found  by  us  in  eq.(8),  the  Planck  radiation 
law  for  a  cubic  cavity  can  be  written  in  a  more  complete  form  (v  =  c): 

ui(f,T)  df  =  Dqiei  df  =  [Srth  /c3];(q)  [exp(hf/kT)  -  I]'!  df 

=  87ih  L-3  q3/2  ^(q)  [exp(hc/kLT)Vq  -  1  ]'  1  df.  (10) 

The  Planck  spectrum  is  discrete  for  small  number  of  levels  in  the  cavity.  (Fig. 3).  Consequently,  for  LT  =  1.35,  in  the 
position  of  the  Planck  spectrum  peak,  one  can  find  the  first  antiresonance  of  the  cubic  cavity,  thus,  the  corresponding  zero- 
point  energy  only  (Fig.4). 

We  can  find  a  reasonable  superior  limit  of  the  number  of  levels  in  the  cavity,  Observing  that,  in  eq.(  1 0),  the 
exponential  dominates  at  high  frequencies,  one  can  write: 

ui(f,T)  =  [87ih  /  c3]^(q)  exp(-hf/kT)  =  8rthL-3  q3/2  ^(q)  exp[-(hc  /kLT)  >/q  ]  (11) 

As  i^(q)  fluctuates  around  1,  this  function  has  the  form:  ujfN)  =  A.N^  exp(-N),  with  N  =  hcVq  /kLT  and  A  =  constant. 

If  U)(N)/A  <  10-3,  i  e.  N>15.  (12) 

the  higher  levels  bring  a  negligible  effect  and  one  can  truncate  the  Planck  distribution  at  the  highest  significant  level 
(HSL)  in  the  cavity: 

q^  =  108.69  (LT)2  [CGS]  (13) 

In  the  particular  case:  L  =  1cm  and  T  =  IK,  eq.  (13)  leads  to:  q^  =  109. 

If  we  rewrite  the  Wien  displacement  law  as: 

q^  =  3.8454  (LT)2  [CGS],  (14) 

the  ratio  between  the  level  numbers  of  HSL  (from  eq.  13)  and  of  the  Planck  distribution  peak  (from  eq.  14)  can  be  derived 
immediately: 

q,/qN,  =28  (15) 

In  this  case,  the  ratio  between  the  corresponding  frequencies  is  /f^  -  5.3.  Thus,  one  can  assert  that  the  significant 
bandwidth  of  the  black  body  radiation  is  5.3  f^  . 


3.  TOTAL  ENERGY  DENSITY  IN  QCC.  CORRECTION  OF  STEFAN-BOLTZMANN  LAW 

The  classical  Stefan-Boltzmannn  law  provides  the  total  energy  density  in  the  cavity: 

oo 

u(T)  =  j  u(f,T)  df  =  (871^  k^/  15h^  v^)  T^  =  aT^  (Stefan-Boltzmann  law)  (16) 

0 

If  we  use  the  Planck  discrete  spectrum  in  QCC,  Ui(f,T),  the  integral  from  (16)  can  be  written  as  a  sum  (with  v  =  c, 
a  =  hc/k  =  1 .4388  cm.K  and  with  relationship  between  the  Planck  and  Stefan-Boltzmann  constants  o  =  (4/c)  Osb  )’ 
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O  U|(f,T)/h 


Fig.  4.  The  conventional  Planck  (dashed  lines)  and  the  “quantified”  (solid  lines)  spectrum  of  a  QCC  with  L  =  1cm,  which 
hold  in  its  maximum  the  first  antiresonant  singlet,  =  7  (at  T  =  1.35  K). 


L^w,(r)=  ^  2g{q)[c\p(hf  /  kT)  -  .l]”'  •  hf  =  2g{q)[exp{a  ^  /  LT)  -  l]  '  {he  /  L)^  = 


4nhc  ^ 


I  [exp(aV^/Lr)-l]"^C(^)  = 


r/  =  1 

4nka 


^  T 


=  oivrf 


[exp(a  V^/  LT)- 

\L  I  )  q 


(17) 


Our  calculations  show  that  the  total  energy  density  ujCT)  can  be  written  as  in  the  eq.(16),  but  with  the  corrected 
Planck  “constant”,  CTj  : 


5.25,5.,0->(i,rrT"^^=  ff-^1  < 

a  4nHLTj  ^  ^  ^  r:  1  , -r  I  - 

I  g  LI  _  1 


g  LT'^ 


LT 


(18) 


When  ^  (q)  goes  to  1  (by  averaging,  for  very  close  and  numerous  modes),  CTj/o  tends  to  1,  i.e.  one  arrives  to  the 
conventional  formalism  (Fig.  5).  We  found  also  a  convenient  approximation  of  Planck  constant  from  (18)  by  the  formula: 

O]  /o  =  exp  [0.06041/LT  -  0.08193/(LT)2].  (18’) 


The  corrected  Planck  “constant”  Oj  is  down  limited  by  the  lowest  cavity  mode  to  the  value: 
aj  =0.00 1 78  a  =  0.001 78  - 7.565-  10-15=  i  345  .  iq-H  [erg  cm'^  K'^] 

The  upper  limit  of  the  quantum  regime  of  the  QCC  can  be  considered  LT  =  1,  for  which  Planck  constant  takes  the  value 

O]  =  0.9703  a  =  0.9703  •  7.565  ■  10*15  ^  7  349  .  iq-IS  [grg  cm'^  K*'!]. 
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F(0(/LT) ,  G(o(/LT),  H((x/LT) 


LT  (cm  K) 

Fig.  5.  The  correction  factors  of  the  thermodynamic  functions  in  QCC:  F((X/LT)  (marked  with  +),  G(a/LT)  (marked  with 

0)  and  H(ot/LT)  (marked  with  A)  (defined  in  section  5) 

It  is  interesting  to  evaluate  the  effect  of  actual  degeneracy,  g(q),  of  the  small  number  of  levels  existing  in  QCC. 
Calculating  the  ratio  a/ai  from  (18)  with  the  actual  degeneracy  provic^d  by  the  Diophantine  eq.  (3)  and  by  the  asymptotic 
relation  g(q)  =  liolq,  we  found  out  differences  in  the  order  of  =5  10'  ,  which  are  negligible  in  these  calculations.  We  can 
conclude  that: 

the  small  number  of  levels  up  to  HSL  in  cavity  (i.e.,  the  small  Pq  -  LT)  play  the  key  role  in  the  calculation  of  the  total 
energy  density  of  QCC  and  in  the  LT  dependence  of  the  S-B  constant''. 


4.  THE  RECIPROCITY  RULE  FOR  CAVITY  SIZE  AND  TEMPERATURE  IN  QCC 

The  positions  of  the  energy  density  peak  and  of  HSL  depend  on  the  product  Pq  =  LT  : 

q^  =  28q^=  109(LT)2  (19) 

The  calculations  with  (18)  and  the  figure  5  show  that  F(oc/LT)  becomes  smaller  than  1,  for  Pq  smaller  than 
Pqmax  1  [cm.K],  i.e.  q  <  100.  On  the  other  hand,  the  lowest  cavity  mode  (1,0,0)  imposes  an  inferior  limit  to  the 
level  number  at  qx  =  1  (the  smallest  frequency  in  the  cavity)  and  consequently,  one  can  introduce  the  inferior  limit 
J^qmin=  [cm.K]. 

Thus,  we  can  define  the  quantum  regime  of  the  cubic  cavity  (or  the  double  quantised  cubic  cavity  )  in  the  range: 

1  <q<  100  (20) 

or  0.1<LT<1  [cm.K]  (21) 

Moreover,  we  can  introduce  the  following  reciprocity  rule:  the  cavity  size  and  the  temperature  are  reciprocal 
parameters  in  the  QCC,  i.e.  the  same  effects  (as  the  total  energy)  can  be  obtained  either  by  varying  L  or  by  varying  T  if 
their  product  remain  constant  ( in  the  range  LT  6  [O.f  1]). 
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One  can  observe  that,  in  eq.(21),  it  is  implicitly  assumed  that  the  cavity  size  should  be  larger  than  the  longest 
wavelength  in  discussion.  In  order  to  point  out  some  important  numerical  data,  we  give  the  following  examples: 

1)  QCC  with  L=  1cm  emits  radiation  in  the  frequency  band  fe  [30,  300]  GHz  ,  at  TefO,!,  1]K; 

2)  For  L  =  1mm,  QCC  radiation  has  temperatures  including  the  liquid  He  one:  1  <  T  <10. 

3)  For  L  =  20  pm,  the  quantum  regime  of  QCC  includes  the  room  temperature,  50  <  T  <  500  (fM  =  1 7.7  THz;  Xm  = 
0.6c/  fjvl  =  10pm  ). 

At  the  lowest  limit,  T  =  0. 1/L,  we  can  conclude  that  T  — >  0  implies  L— >  °°  ,  which  means  cooling  to  OK  an 
infinite  cavity;  this  is  physically  impossible.  Therefore,  the  condition  (21 )  can  be  regarded  as  a  proof  of  the  validity  of  the 
Nernst-Planck  principle  (unattainability  of  the  absolute  zero  for  the  photon  gas  in  QCC. 


5.  THE  THERMODYNAMICS  OF  THE  PHOTON  GAS  IN  QCC 

The  total  energy  of  the  photon  gas  in  QCC  is  (as  in  eq.(17)): 

E  =  L^u ,(LT)  =  aVT^  F(a/LT)  (V=L^)  (22) 

The  free  energy,  Fg,  which  equals  the  grand  potential,  O,  (for  the  chemical  potential  p  =  0)  can  be  obtained  as: 

F,  =  -(o  /3)VT^Gia  I  LT)  =  4^(a  I  LT^f  g(? )  ln(l  -  (23) 

For  the  specific  heat  of  the  photon  gas,  one  can  calculate: 

C„  =  (BE/BT)  =  AcVT^Hia  /  LT)  =  -^(a  /  LT)’ -  if  (24) 

1671  ^  j 

One  can  remark  that  the  specific  heat  of  the  photon  gas  tends  to  zero,  when  T->  0. 

The  correction  factors  F,  G,  H  of  the  thermodynamic  functions  are  shown  in  the  Fig.  6.  We  remark  that,  in  the  first 
approximation,  all  these  factors  can  be  considered  almost  equal. 

The  entropy  is:  S  =  [F(a/LT)  +  (I/3)G(a/LT)]  (25) 

This  expression  for  the  entropy  of  the  photon  gas  verifies  the  Nernst-Planck  principle.  From  Fig.  5,  one  can  see  that  S 
0  ,  when  LT->  0,  but  absolute  zero  can  never  attained  (by  the  arguments  for  QCC  given  in  the  previous  section). 


The  free  enthalpy  is: 

^  =  E  +  pV-TS  =  (1/3)  aV  T*  [F(a/LT)  -  G(a/LT)] 

(26) 

The  photon  pressure  can 

be  calculated  from  the  classical  arguments  up  to  the  proportionality  constant : 

P  =  -(BF/BV)y=(E/3V)  . 

(27) 

Then,  one  can  write: 

PV  =  E/3. 

(28) 
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6.  CONCLUDING  REMARKS 


In  a  cubic  cavity,  we  have  found  the  discrete  Planck  radiation  spectrum  for  a  quantum  regime,  defined  by  the 
level  numbers  q  e  [1,100].  In  the  quantum  regime,  the  Planck  spectrum  is  strongly  dependent  on  the  product  of  the  cavity 
size  by  temperature  LT  6  [0.1,  1]  (CGS).  The  parameters  L  and  T  are  reciprocal,  in  the  sense  that  the  same  effects  are 
obtained  either  by  varying  L  or  by  varying  T,  if  their  product  remains  constant. 

In  QCC,  there  are  a  number  of  “antiresonant”  (empty)  levels,  in  which,  only  the  zero-point  energy  is  present.  This 
effect  can  be  measured  (e.g.  L  =  1cm;  T  =  1 .35K;  f  =  79.3  GHz;  Q  =  465). 

The  quantum  effects  could  be  observed  for  cubic  cavities  with  macroscopic  (but  small)  sizes,  at  temperatures 
around  the  liquid  helium  one. 

The  quantum  regime  is  produced  by  the  decrease  of  the  cavity  size  (and  temperature)  to  the  limit  where  the  size 
and  geometry  (i.e.  the  boundary  conditions)  are  “felt”  by  the  temporal  spectrum  of  the  cavity  radiation.  (In  the  continuous 
Planck  spectrum,  this  effect  is  excluded  by  the  assumption  of  the  large  cavity,  implying  the  validity  of  Kirchhoff  laws).  In 
the  discrete  case,  the  quantum  counting  of  the  mode  (state)  number,  taking  into  account  the  level  degeneracy,  is  essential; 
thus,  QCC  could  be  called  also  double-quantised  cubic  cavity,  as  it  allows  an  entire  number  of  energy  quanta  to  each 
mode  and  some  entire  level  numbers  (spatial  orientations  of  the  wavevectors). 

In  QCC,  all  thermodynamic  functions  of  the  photon  gas  are  strongly  modified  by  the  discrete  spectrum.  We  have 
demonstrated  that  the  total  energy  does  not  respect  any  longer  the  Stefan-Boltzmann  (S-B)  law;  particularly,  the  S-B 
“constant”  becomes  a  function  of  LT  and  tends  to  zero,  when  LT  tends  to  zero.  The  entropy  and  the  specific  heat  tend  to 
zero,  when  LT  tends  to  zero,  verifying  the  Nernst-Planck  principle. 

The  quantum  regime  of  the  cubic  cavity  could  be  interesting  for  the  interaction  of  a  single  atom  with  a  single 
cavity  mode,  the  microcavity  light  emitters,  the  quantum  boxes  and  so  on^“ 
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ABSTRACT 


The  interaction  of  radiation  with  vitreous  materials  provokes  irreversible  and  reversible  changes  of  atomic  and 
electronic  structures.  These  changes  in  their  turn  manifest  themselves  in  the  experiment  through  changes  of  mechanical, 
thermal,  optical,  photoelectrical  and  other  characteristics.  Under  the  radiation  influence  the  structure  of  vitreous  materials 
changes,  new  defects  appears,  film  crystallization  or  amorphization  takes  place,  phase  transition  or  transition  from  one 
unstable  state  to  another. 

It  is  evident  that  such  changes  radically  influence  the  optical  and  photoelectrical  properties  of  the  material:  the 
refraction  index  and  other  optical  material  constants  change;  reflection  and  absorption  of  light  as  well  as  photoelectric 
parameters.  Of  no  less  importance  is  the  appearance  of  new  possibilities  for  application  of  vitreous  materials  as  optical  and 
photoelectrical  recording  media,  fibers  and  planar  wavequides,  active  and  passive  elements  of  optoelectronics,  including  non¬ 
linear  elements  and  sensors  of  different  physical  quantities.  This  paper  covers  a  survey  of  works  dedicated  to  the  research  of 
various  photoinduced  phenomena  in  bulk,  thin-film  and  fiber  samples  of  chalcogenide  glassy  semiconductors. 


Keywords:  chalcogenide  glasses,  photoconductivity,  photoinduced  absorption,  localized  states. 


1.  INTRODUCTION 

The  interaction  of  optical  radiation  with  noncrystalline  materials  based  upon  chalcogenide  glasses  leads  to  modifications 
of  their  atomic  and  electronic  structure  which  can  bear  both  reversible  and  irreversible  character.  These  modifications 
manifest  themselves  through  changes  in  the  materials’  mechanical,  thermic,  electric,  photoelectric,  optical,  etc.,  properties.  As 
a  result  of  optical  radiation  action,  refraction  index,  reflection  coefficient,  absorption  coefficient,  etc.,  are  changed.  This 
permits  to  use  the  results  of  this  kind  of  studies  for  both  investigations  connected  with  noncrystalline  materials  physics  and 
multiple  applications  in  optoelectronics. 

The  aim  of  the  present  paper  is  to  demonstrate  certain  results  achieved  in  the  studies  of  reversible  photoinduced 
phenomena  such  as  photoinduced  conductivity,  photoinduced  absorption,  etc. 

The  models  of  explanation  of  these  phenomena  will  be  discussed,  taking  into  consideration  the  multiple  captivity  of 
light-excited  samples.  The  photoinduced  phenomena  in  thin  films  and  chalcogenide  glass  fibers  are  widely  used  in  different 
photoelectric  and  optical  appliances. 

Certain  photoinduced  phenomena  in  optical  planar  or  fiber  waveguides  will  be  demonstrated.  The  mechanism  of 
photoinduced  absorption  in  optical  fiber  will  be  analysed. 

The  photoinduced  optical  phenomena  were  also  observed  in  the  case  when  optical  waveguides  were  excited  by  short-length 
laser  pulse.  Possible  models  of  photoinduced  phenomena  resulting  from  ultra-short  length  laser  pulse  action  are  discussed. 
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2.  PHOTOINDUCED  CONDUCTIVITY 


The  effect  of  preliminary  excitation  on  the  value  of  conductivity  in  chalcogenide  glasses  was  observed  in  the  1960s. 
The  author  [1]  described  the  conditions  of  obtaining  photoinduced  conductive  memory  in  Tl-As-Se-Te  glasses.  If  the 
temperature  of  the  samples  was  low  enough  to  exclude  thermal  transitions  of  carriers  from  localized  states  to  free  bands,  the 
excess  of  conductivity  was  observed  for  a  long  period  of  time  after  the  illumination  was  stopped  (Fig.l).  In  order  to  restore 
conductivity  it  is  necessary  to  heat  the  sample  or  to  expose  it  to  infrared  light.  In  the  first  case  we  deal  with 
thermostimulated  currents  [2]  and  in  the  second  case  we  deal  with  photostimulated  currents  [3]. 


Fig.l.  The  change  of  photoconductivity  of  TlSeAs2Te3  during  and  after  illumination  (I-500.1ux,  T=105  K). 


Of  course,  the  major  role  of  light  excitation  is  manifested  in  the  process  under  illumination.  For  example,  spectral 
distribution  of  photoconductivity  changes  drastically  when  photoconductmty  is  measured  in  the  conditions  of  constant 
illumination  of  the  sample  (Fig.2).  These  phenomena,  as  well  as  the  numerous  particulars  of  kinetics  of  photoconductivity 
convinced  the  authors  [4]  that  the  model  of  multiple  trapping  of  carriers  is  very  important  for  the  explanation  of  the 
photoinduced  conductivity  in  such  materials. 

In  fact,  in  the  process  of  light  excitation  a  part  of  carriers  are  immediately  captured  by  traps.  This  changes  tlie  values 
of  conductivity,  photoconductivity,  and,  in  general,  all  transport  phenomena.  For  example,  a  change  of  the  drift  mobility  in 
the  conditions  of  constant  illumination  of  chalcogenide  glasses  was  observed  in  AsSathin  films  by  the  authors  [5]. 


3.  PHOTOINDUCED  ABSORPTION  IN  FIBERS 

Taking  into  accoimt  our  Conference’s  sphere  of  interests,  the  most  important  is  the  study  of  changes  in  the  optical 
parameters  of  materials  due  to  optical  excitation.  Due  to  a  longer  optical  path,  it  is  more  favourable  to  study  photoinduced 
absorption  in  fiber  or  planar  waveguides. 

The  fibers  made  of  AS2S3,  As-S-Se,  As-Ge-S,  As-Ge-Se  chalcogenide  glasses  were  fabricated.  The  probing  light  with  a 
photon  energy  hv  <  Eg  was  launched  into  the  input  face  of  the  fiber.  The  intensity  of  the  probing  light  transmitted  through 
the  fiber  was  measured  at  the  output  of  the  fibers.  In  the  process  of  measuring  of  the  output  intensity  of  the  probing  light  the 
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Fig.  2.  Spectral  distribution  of  photoconductivity  of  AsSs  thin  films:  1  -  without  and  2  -  with  supplementary  illumination. 


fiber  was  exposed  to  lateral  light  (Fig.3).  When  the  fiber  was  illuminated  with  bandgap  light  the  intensity  of  the  probing 
light  at  the  output  of  the  fiber  decreased  from  its  initial  value  (in  the  darkness)  lo  to  a  new  one  1  because  of  photoinduced 
absoiption  manifestation.  After  the  lateral  illumination  was  stopped,'  a  complete  restoration  of  the  initial  optical 
transmittance  of  the  fiber  was  observed  [6]. 


> 


lo  I 


Fig.  3.  Illustration  of  experimental  set-up. 


The  restoration  rate  depends  on  the  illumination  conditions  and  glass  composition.  The  spectral  distribution  of  the 
photoinduced  absorption  measured  in  the  range  of  the  probing  light  0.6-1.6  eV  is  presented  in  Fig.4  for  AS2S3  fibers. 
Similar  d^endencies  were  observed  for  As-S-Se  and  As-Ge-Se  fibers. 

We  should  note  the  exponential  character  of  the  spectral  distribution  of  photoinduced  absorption.  Such  a  d^endence  is 
expected  from  the  model  with  multiple  trapping  carriers  in  localized  states  distributed  exponentially  in  the  gap  (Fig.5).  The 
model  explains  other  peculiarities  of  photoinduced  absoption:  the  increase  of  photoinduced  absoption  depending  on 
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Fig.4.  Spectral  distribution  of  PA  steady-state  coefficientAa  in  AS2S3  fibers  after  irradiation  with  Ar  laser 
(^exc  =  0.46  -  0.52pni).  The  intensity  of  exciting  light  Pexc=  10  mW  cm’^. 

The  temperature  T,  K:  1  -  300;  2  -  77. 


temperature  decrease,  as  well  as  the  increase  of  photoinduced  absorption  dq)ending  on  the  increase  of  lateral  light 
intensity.  As  was  shown  in  the  paper  [6]  this  could  be  confirmed  by  solving  the  kinetic  equations  which  take  into  account  all 
optical  transitions  occurring  in  accordance  with  the  model  witli  multiple  trapping  carriers  (Fig.5). 

The  fact  that  the  dq)endence  of  the  steady-state  photoabsoiption  coefficient  has  a  power-low  character,  Aa  «.p"  (  n  = 
0.4-0.5),  which  is  very  close  to  a  square-root  fiinction,  is  of  great  interest.  This  could  be  used  as  the  argument  that 
photoabsorption  excitations  are  recombined  by  a  bulk  bimolecular  mechanism.  Such  a  mechanism  of  recombination  was 
confirmed  by  experiments  for  photoconductivity,  too.  In  the  process  of  photoinduced  absorption,  the  excited  carriers  can 
contribute  to  conductivity.  So  there  should  exist  relations  between  photoabsorption  and  conductivity.  Orenstein  and  Kastner 
[7]  have  demonstrated  that  photoabsoiption  and  drift  mobility  are  related  to  the  same  localized  carriers. 

Following  O’Connor  and  Tauc  [8],  Orenstein  and  Kastner  [9],  the  authors  [10],  using  the  relations  between 
photoinduced  absorption  and  bimolecular  coefficient,  have  determined  the  temperature  dqiendence  of  tlie  bimolecular 
coefficient  (b(T).  At  high  temperatures  the  b(T)  coefficient  exhibits  an  exponential  character  with  activation  energy  equal 
to  0.6  eV  at  room  temperature  and  0.07  eV  at  low  temperatures. 

Taking  into  accoimt  the  relation  between  the  bimolecular  coefficient  and  drift  mobility 


b  = 


e 
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Fig.  5.  The  model  with  multiple  trapping  carriers  in  localized  states. 

as  well  as  the  fact  that  in  chalcogenide  glasses  the  authors  [10]  found  out  that  the  drift  mobility  has  tlie  same 

temperature  dq)endence  as  the  bimolecular  coefficient  (Fig.6).  This  character  of  the  temperature  dqiendence  Pp  (T) 
correlates  witli  experim^tal  results  obtained  by  Marshall  and  Owen  [11]  on  the  mobility  of  photoinduced  holes  in  As2Te3 
glasses. 


Fig.  6.  Temperature  dependence  of  drift  mobility  in  A^Sa  glass. 
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The  above-mentioned  method  of  determining  the  temperature  dependence  of  drift  mobility  is  very  important  in  the 
case  of  liigh-resistivity  semiconductors  for  which  traditional  measurements  are  not  acceptable,  except  for  those  conducted 
under  high  temperatures  [10]. 


4.  PHOTOINDUCED  ABSORPTION  IN  THIN  FILMS 

In  the  above-mentioned  experiments,  the  kinetics  of  photoinduced  absorption  of  fibers  was  studied  in  the  second  range. 
Of  course,  in  many  cases  there  is  the  necessity  to  dispose  of  active  optical  elements  for  high-speed  optical  operations,  which 
implies  the  need  to  study  photoinduced  phenomena  in  the  range  of  short-time  light  exposition.  This  was  done  by  the  authors 
[12]  who  studied  non-linear  absorption  in  chalcogenide  glass  films  in  the  femtosecond  region  for  different  conditions  of  the 
experiment  using  pump  and  probe  light  with  the  energy  of  kwants  more  or  less  than  the  energy  gap.  In  this  paper,  only  one 
case  will  be  mentioned  from  the  paper  [12],  when  the  energy  of  pump  and  probe  light  was  less  than  the  energy  gap. 

AS2S3  films  were  used  for  the  experiment,  with  the  energy  gap  -  2.4eV,  while  pumping  light  was  at  2.0  eV  and 
probing  light  at  1.43  eV  (Fig.7).  After  the  sharp  pulses  with  the  100  Fsec.  duration  which  follow  the  shape  of  incident 
pulses,  the  flat  part  of  the  curves  is  observed  which  could  be  described  by  the  time  constants  equal  to  54  ps  and  61  ps  for 
high  and  low  pumping  energy,  respectively. 


Fig.7.  Absorption  changes  induced  by  2.0  eV  pulses  on  A&S3  and  probed  by  1.43  eV  pulsed.  The  curves 
correspond  to  two  different  pumping  energies  1.5  and  0.75  pj. 


The  possible  optical  transitions  are  shown  in  Fig.8  which  represents  a  three-level  model.  In  this  case  there  is  a 
competition  between  two-photon  and  two-stq)  absorption.  The  pumping  can  be  excited  by  two-photon  absorption  carriers  to 
level  1,  but  also  to  level  2  by  one-photon  transitions.  Probe  light  can  be  absorbed  by  non-degenerate  two-photon  absorption 
to  level  1  or  through  the  l->2  or  l->  higher  energy  transitions. 
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Fig.8.  Scheme  of  the  three-level  system  model. 


The  almost  flat  part  of  the  curves  confirms  that  the  deplete  of  levels  2  occurs  in  a  lengthy  period  of  time  (longer  than  1 
psec.),  which  allows  carriers  localized  on  the  deep  enough  levels  2  to  participate  in  the  process  of  photoinduced  absorption. 
Interpreting  these  results,  the  authors  [12]  suggested  a  bimolecular  mechanism  of  recombination  to  be  the  case.  The  latter 
confirms  that  the  suggestion  as  to  the  bimolecular  mechanism  of  recombination  made  in  order  to  determine  the  drift 
mobility  characterized  in  the  first  part  of  the  present  paper  was  correct. 


5.  APPLICATION 

A  lot  of  devices  based  on  the  use  of  photoinduced  phenomena  in  chalcogenide  glasses  were  proposed.  Only  some  of 
them  will  be  mentioned  in  this  papa*.  Photoinduced  phenomena  in  chalcogenide  glasses  stimulated  the  interest  of  industry 
in  the  development  of  new  informative  multimedia  technologies  and  systems  for  storage  and  treatment  of  great  massives  of 
information.  These  technologies  are  based  on  the  holographic  processes  in  thin  films  obtained  from  chalcogenide  glasses. 

In  order  to  increase  the  photosensitivity  of  the  recording  media,  the  layer-structure  metal-thin  film  of  chalcogenide  glass- 
metal  was  proposed  by  the  authors  [13],  which  permits  to  produce  the  recording  of  optical  information  simultaneously  at 
lighting  and  applying  the  electrical  field  to  the  recording  structure.  Application  of  an  electrocontrolled  process  of  the 
recording  gives  a  possibility  to  considerably  raise  the  photosensitivity  of  tlie  media  and  diffraction  efficiency  of  holograms. 
The  recording  process  is  carried  out  by  the  effects  of  electrostimulated  deformation  of  the  surface  and  electrostimulated 
chemical  interaction  of  the  chalcogenide  glass  thin  film  ^vitll  a  metal  electrode  when  electrical  field  was  applied  imder 
illumination. 

Photoinduced  phenomena  in  chalcogenide  glassy  fibers  were  utilized  in  order  to  propose  a  novel  type  of  a  variable 
fiber-optic  attenuator  [14].  It  can  be  used  in  the  visible  and  near  infi-ared  range  of  the  ^ectrum  in  order  to  produce  a 
continuous  change  of  light  intensity  in  fiber-optic  circuits.  If  the  lateral  side  of  chalcogenide  glass  fiber  is  illuminated  by  the 
light  with  photon  energy  near  the  glass  bandgap,  a  strong  decrease  of  fiber-attenuating  li^t  at  the  output  end  of  the  fiber 
occurs  dianging  the  optical  signal  from  its  initial  value  lo  (in  the  darkness)  to  a  new  one  I:I  =  L  exp  (AaL),  where  L  is  the 
length  of  the  illuminated  segmait  of  the  fiber  and  Aa  is  the  photoabsorption  coefficient.  The  proposed  fiber-optic  attenuator 
provides  for  attenuation  in  the  range  of  0^20  dB  in  the  0.8-^1.8  [xm  wavelength  range. 

The  chalcogenide  glass  thin  films  are  promising  materials  for  integrated  optical  devices,  such  as  lenses, 
gratings,  optical  filters,  multiplexors  and  demultiplexors,  optical  scanners  and  printer  heads,  multiple-output  logic 
elements,  etc.  [15]. 


6.  CONCLUSIONS 

In  the  paper,  some  reversible  photoinduced  phenomena  are  described.  First  of  all,  photoinduced  conductivity  and 
photoconductivity  were  observed  in  dialcogenide  glassy  thin  films.  This  allows  to  propose  experiments  aimed  at  the  study  of 
photoinduced  absorption  in  fibers  and  thin  films  made  of  chalcogenide  glasses.  The  latter,  in  their  turn,  permit  to  propose 
new  optical  devices,  such  as  fiber  attenuators,  fiber  sensors,  planar  waveguides,  planar  optical  elements  for  integrated 
optics,  etc. 
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ABSTRACT 

The  thermooptic  constants  of  AgGaSe2  have  been  measured  at  2.052, 3.3913, 5.2955,  and  10.5910|im.  These  results 
combined  with  the  literature  values  were  used  to  construct  the  thermooptic  dispersion  formula  which  correctly  reproduces 
the  temperature  dependent  phase-matching  conditions  for  second-harmonic  generation  (SHG)  and  sum-frequency 
generation  (SFG)  of  a  CO2  laser  as  well  as  the  thermally  induced  lensing  effects  for  the  2.05pm  pumped  parametric 
oscillators  (OPO). 

Keywords:  AgGaSe2,  Sellmeieris  equations,  thermooptic  constants,  thermal  conductivity,  CO2  laser,  parametric 
oscillator. 


1.  INTRODUCTION 

Although  AgGaSe2  has  been  used  for  high  average  power  harmonic  generation  of  a  CO2  laser^  and  parametric 
oscillation  pumped  by  2.05pm  lasers^^^,  a  large  variation  in  the  refractive  indices  caused  by  the  residual  absorption  of  the 
interacting  wavelengths  produces  noticeable  phase-mismatch  and  thermal  lensing  effects  which  prohibit  ideal  operation  of 
harmonic  generation  and  parametric  oscillation.  In  worst  case,  these  thermally  induced  effects  lead  to  the  catastrophic 
damage  to  the  crystals.  But  no  systematic  study  has  so  &r  been  made  for  this  deleterious  effect.  In  addition,  there  has  been 
considerable  con&sion  over  the  published  values  of  the  thermooptic  constants  of  this  crystal^"^.  Barnes  et  reported 

-  n^^(6)j  /  dT  =  -LI  x  10“^  for  second-harmonic  generation  (SHG)  of  a  CO2  laser  at  10.5910pm  and 

d(n^  “'n^)/dT= +30x10"^  at  3.3913pm.  While  Bhar  et  al®*'^  reported  the  nondispersive  value  of 

d^n^  —  )  /  dT  =  —2.6  x  10”^  ®  .  In  order  to  reconcile  this  large  discrepancy  encountered  for  the  same  compound, 

we  have  remeasured  the  thermooptic  constants  of  this  crystal  at  2.052,  3.3913,  5.2955,  and  10.59l0pm  using  the  weU- 
established  minimum  deviation  technique.  Here  we  report  frie  thermooptic  dispersion  formula  of  AgGaSe2  which  correctly 
reproduces  the  temperature  dependent  phase-matching  conditions  for  second-harmonic  generation  (SHG)  and  sum- 
frequency  generation  (SFG)  in  the  2.65  -  5.30pm  range  as  well  as  thermally  induced  lensing  effect  for  the  2.05pm  pumped 
parametric  oscillators  (OPO)^^^. 


2.  EXPERIMENTS  AND  DISCUSSION 

Using  a  Ho:YLF  laser  at  2.052pm,  a  He-Ne  laser  at  3.3913pm,  and  the  fimdamental  and  SHG  of  a  CO2  laser  at 

10.5910pm,  we  measured  dn^  /  dT  and  dn^  /  dT  between  20.0  and  120.0®C.  The  AgGAScj  prism  used  in  this 
experiment  was  cut  at  an  apex  angle  of  20.00®  with  a  hypotenuous  area  of  10xl5mm^.  Tlie  results  obtained  are  shown  in 
Fig.l  together  with  the  data  points  at  3.3913pm  presented  by  Barnes  at  al^  and  those  at  9.2824  -  10.59l0pm  given  by  Bhar  et 
al^»^.  Note  that  there  is  an  appreciable  difference  between  the  data  points  of  Barnes  et  al^  and  the  present  authors  for  the 
extraordinary  ray  at  3.3913pm.  The  origin  of  this  discrepancy  is  not  known.  However,  our  data  points  lie  on  the  smooth  lines 
connectii^  several  experimental  points  given  by  Bhar  et  al^’^. 

As  in  the  case  of  KT1OPO4  (KTP)^  and  LiBjO^  (LBO)^,  we  have  adjusted  fliese  raw  data  to  give  the  best  fit  to  the 
temperature  phase-matching  band-widths  (FWHM)  for  SHG  and  SFG  of  the  CO2  laser  tabulated  in  Table  1,  in  which  we 
have  also  listed  the  published  values  of  Barnes  et  al^  and  Bhar  et  al^»^  at  the  corresponding  wavelength.  The  phase-matching 
angles  and  the  acceptance  angles  (FWHM)  were  calculated  using  the  Sellmeier's  equations  of  the  present  authors.^®»^^ 
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n 


2 

0 


n. 


=  6.8507  + 


=  6.6792  + 


0.4297 

0.1584 

0.4597 

0.2122 


-  0.00125X^ 

-  0.00126X^ 


(1) 


where  ^  is  in  nm.  The  temperature  phase-matching  bandwidths  (FWHM)  were  subsequenfly  calculated  using  the  following 
best-fitted  thermooptic  formula; 


dn„  /dT  =  (0.046X  + 7.514)  xl0"^(*C'*) 
dn.  /  dT  =  (0.061A,  +  7.984)  x  10'’ 


(2) 


where  X  is  in  pm.  Agreement  between  theory  and  experiment  is  excellent.  In  addition,  these  two  formulas  correctly 
reproduce  the  temperature  dependent  phase-matching  conditions  for  SHGoftheC02  laser  radiation  at  10.1946  -  10.6114jim 
above  room  temperature  given  by  Bhar  et  al*>’^  when  their  phase-matching  angles  at  24°C  were  amended  with  our  index 
formula.  However,  since  we  were  unable  to  reproduce  precisely  the  data  points  of  these  authors  at  9.2824  -  9.6039pm,  we 
have  remeasured  both  flie  temperature  variation  of  the  SHG  wavelengths  at  fixed  crystal  orientation  and  the  phase-matching 
angles  for  doubling  9.2824,  9.5039  and  9.6036pm.  The  results  are  shown  in  Figs.2  and  3  together  with  the  amended  values 
of  Bhar  et  al®’"^. 


WAVELENGTH  (pm) 


Fig.  1.  Thermooptic  constants  of  AgGaSCj  at  room  temperature. 
A ,  A :  ejqrerimental  points  given  in  Ref  5. 

n ,  ■ :  experimental  points  given  in  Refe.  6  and  7. 

o ,  • :  experimental  points. 
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Table  1 .  Temperature  phase-matching  bandwidtiis  (FWHM)  for  second-harmonic  and  sum-ftequency  generation  of  the  COj 
laser  frequency  at  lO.SPlOpm  in  AgGaSe2 . 


X,  (pm)(®)  (|im) 

SHG  10.5910  10.5910 

5.2955  5.2955 

SFG  10.5910  5.2955 

10.5910  3.5303 


X,,  (pm)  Phase-matching 

angle  (deg) 

5.2955  eoot=55.5 


2.6478  eooe=41.3 

6*0^72.2 
3.5303  eooe-42.4 

0eoc^56.6 

2.6478  eooe=41.3 

eeoe=50.4 


A0ext  •  t 

AT-i("C-cin) 

(deg.cm) 

cal  obs 

2.29 

351  350 

428 

364 

1.11 

225  230 

3.94 

254  260 

1.44 

390  390 

2.41 

541  550 

1.11 

225  220 

1.53 

257  260 

(5) 

(6),(7) 


Note:  (a)  1/A.i+1/X2=l/A.3,.  (b)  The  subscripts  of  tiie  phase-matching  angle  represent  the  polarization  directions  of  the 
interacting  wavelengths,  in  order. 


Fig.  2.  Temperature  variation  of  the  phase  -  matching  wavelength  for  SHG  of  a  COj  laser  at  9.5039  -  9.6039pm  in  AgGaSCj. 
The  crystal  is  oriented  at  0  =  49.8®.  The  dashed  line  is  calculated  witii  the  Sellmeier's  equation  and  thermooptic 
dispersion  formula  presented  in  the  text.  • ;  experimental  points  given  in  Ref.6.  o :  experiment^  points. 
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Fig.  3.  Temperature  variation  of  the  phase-matching  angle  for  SHG  of  a  COj  laser  at  9.2824,  9.5039,  and  9.6039pm  in 
AgGaSej .  The  dashed  lines  are  calculated  with  the  Sellmeier's  equations  and  thermooptic  dispersion  formula  presented  in 
the  text.  • :  experimental  points  given  in  Ref  7.  o :  experimental  points.  These  real  lines  are  taken  from  Ref  7  and  are  inserted 
only  for  comparison. 

The  marginal  disparity  between  these  two  experimental  values  may  account  for  the  tight  focusing  and  the  pump 
wavelength  uncertainty  of  the  previous  measurements*-'^.  For  instance,  the  10.2604pm  point  plotted  in  Fig.2  of  Ref  6  should 
read  10.2744pm.  Likewise,  9.56pm  should  read  9.5692pm  as  shown  in  Fig.2  of  this  paper.  The  present  experiments  were 
carried  out  with  a  well-defined,  unfocused  pump  beam*  to  minimise  the  systematic  error. 


Although  Barnes  et  al^  reported  ttiat  both  dn,  /  dT  and  dn^  /  dT  decrease  rapidly  below  about  150K  by 
maintaining  a  constant  dB/dT=  d(nj  -  n,)/ dT  the  data  points  at  lOOK.  predict 

d^n^*  -  nj^^65.3®^j/  dT  =  -)-(28  +  4)  x  10'*  ®C”^  for  SHGofl0.5910pm,  which  contrasts  sharply  with  their  original 

value  of  d^n,*  -  n/(6)j/dT= -LI  X  Our  calculated  value  of 

d^n,^  -  n/  ^55.0®  /  dT  =  -1.36  x  10"^  ®  C'^  is  in  much  closer  agreement  with  the  latter  and  a  1 5%  decrease  in  bofli 

dn,  /  dT  and  dn,  /  dT  at  10.5910  and  5.2955pm  can  settle  this  most  important  data  for  SHG  al  low  temperature. 
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The  amended  phase-matching  angle  of  6^^  =  55.05®  at  lOOK  reproduces  correctly  Barnes  et  al's  data"*  of 
A0p„  =  ep„,(298K)-0p^(lOOK)=  0.41®  and  AT.^=r  428®C.cm  (Table  1). 


In  order  to  verify  fiirdier  the  validity  of  our  index  theimooptic  dispersion  formulas,  we  next  have  calculated  the 
focal  length  of  the  thermal  lens  for  the  2.05pm  pumped  OPO.  In  contrast  to  the  thermally  induced  phase-mismatch  that 
depends  on  the  difference  in  the  thermooptic  constants  of  ordinary  and  extraordinary  polarization,  the  thermally  induced 
lensing  can  depend  on  one  of  these  parameters. 

The  focal  length  of  the  nonlinear  crystal  for  radial  heat  extraction  is  given  by  the  following  expressions^. 


a£P(dn/dT)ln2 

where  a  is  the  absorption  coefBcient  at  the  pump  wavelength,  ^  is  the  crystal  length,  Kg(=  0,01  IW/cm  is  the  thermal 
conductivity  at  room  temperature,  dn  /  dT  is  the  thermooptic  constant  at  the  pump  wavelength,  P  is  the  pump  power,  and 
©  ^  is  the  pump  beam  radius. 

Using  our  calculated  theimooptic  constant  of  =  49.1®  j/  dT  =  7.90  x  10“^®C“^  at2.05|im  and  the  other 
physical  parameters  given  by  Budni  et  al^  and  Marquart  et  al^  for  two  separate  experiments,  we  found  f  =  3.2cm  for  the 
former  and  f  -  25cm  for  the  latter,  which  are  in  excellent  agreement  with  the  observed  values  of  f  =  3.0cm  ^  and 
f=  (24  ±  3)cm  ^  at  21®C,  respectively. 

Since  the  thermooptic  constants  given  by  Bhar  et  al^’"^  and  the  present  authors  exhibited  no  measurable  temperature 
variation  in  the  2,052  -  10.5910pm  range  above  room  temperature,  the  alleviation  of  the  thermal  lensing  observed  below 
room  temperature^  might  be  largely  attributed  to  the  rapid  increase  in  the  conductivity^^  rather  than  the  decrease  in 

dn/dT^  as  the  temperature  is  lowered.  If  we  assume  the  thermal  conductivity  of  AgGaSe2  changes  as 

K,  =  9.8  X  10”^  exp[0  /  T]  (W/cm-K)  (4) 

where  0  =  193K  is  the  Debye  temperature  at  298K  inferred  from  the  calculated  values  of  Abrahams  and  Hsu^^,  we  found 
f  =  41cm  at  195K  and  f  =  298cm  at  77K,  which  are  in  close  agreement  with  the  ejqjerimental  values  given  by  Marquart  et  al^. 

In  addition,  the  aforementioned  1 5%  decrease  in  dn  /  dT  can  assess  a  perfect  agreement  between  theory  and  experiment. 

Finally,  we  note  that  the  absorption  coefficient  of  AgGaSe2  is  nearly  temperature  independent  at  2.05pm^^,but  it  is 
highly  temperature  dependent  for  the  ordinary  polarization  at  10.5910pm^  and  hence  the  high-quality  crystals  are  essential 
for  the  stable  operation  of  hi^  average  power  SHG  and  third-harmonic  generation  (TEG)  of  the  CO2  laser^  to  avoid  the 
abrupt  heating  and  subsequent  crack  and/or  fracture  due  to  the  highly  anisotropic  thermal  expansion^^. 

i  CONCLUSIONS 

We  have  reported  ttie  hi^-accuracy  Sellmeiefs  equations  and  the  thermooptic  dispersion  formula  of  AgGaSe2 
which  correctly  reproduce  the  temperature  dependent  phase-matching  conditions  for  harmonic  generation  of  the  CO2  laser 
as  well  as  the  thermally  induced  lensing  effect  for  the  2.05um  pumped  OPO  at  77  -  294K^’^.  We  believe  that  these  two 
formulas  are  highly  usefiti  for  designing  the  temperature  stable,  high  average  power  frequency  conversion  system  based  on 
AgGaSe2. 
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ABSTRACT 

We  analyze  the  two-photon  cooperative  emission  of  excited  atoms  in  microcavities  with  di¬ 
mensions  of  the  order  of  the  emission  wavelength.  Here  the  two-photon  dipole-forbidden  transitions 
between  the  upper  and  the  ground  states  of  the  three-level  system  are  possible  through  the  interme¬ 
diate  level  that  is  off  resonance  with  microcavity  modes.  In  this  situation  one  obtains  the  powerful 
pulse  of  two- photon  highly  correlated  light.  The  superbunching  phenomenon  in  radiated  field  is 
also  discussed. 


Keywords:  quantum  optics,  Born-Markoff  approximation,  spontaneous  emission  in  microcavities 

1.  INTRODUCTION 

The  radiative  decay  of  atoms  in  the  cavity  is  one  of  the  central  problems  in  quantum  optics.  In 
the  recent  years  many  interesting  quantum  effects  have  been  studied  such  as  the  photon  antibunching 
and  squeezing  for  a  single  atom  in  a  resonant  cavity^,  stationary  two-level  atomic  inversion  in  a 
quantized  cavity  field^,  suppression  of  spontaneous  emission  by  squeezed  light  in  a  cavity^  and 
cavity  -  modified  spontaneous  emission^.  It  is  well  known  that  spontaneous  emission  inside  a  cavity 
brings  its  own  surprises.  The  emission  rate  is  inhibited  in  a  cavity  with  dimensions  small  compared 
to  the  transition  wavelength  and  enhanced  in  a  resonant  cavity. 

In  Refs.  5-7  it  has  been  investigated  for  the  first  time  the  quantum  oscillator  working  on  a 
two-photon  stimulated  emission  of  radiation  between  Rydberg  levels.  Recently  the  enhanced  two- 
photon  decay  has  been  observed  in  an  electric  dipole  transition  between  two  Rydberg  levels  coupled 
to  a  single  mode  of  a  strongly  driven  microwave  cavity*. 

In  this  article,  we  study  the  cooperative  emission  of  an  ensemble  of  N  Rydberg  atoms  in 
microcavities.  We  consider  a  three  -  level  atomic  system  in  a  cascade  configuration  with  the  inter¬ 
mediate  level  arbitrarily  detuned  from  the  microcavity  modes  (see  Fig.  la).  In  this  situation,  the 
amplification  of  two-photon  spontaneous  emission  of  Rydberg  atoms  inverted  with  respect  to  the 
dipole-forbidden  [2  >  — >  |1  >  {6,21  =  0)  transitions  occurs.  Because  we  study  the  superfluorescence 
in  microcavities  we  put  here  the  problem  of  possibility  of  using  the  Born-Markoff  approximation. 
We  use  the  Born-Markoff  approximation  in  the  bad  cavity  limit  and  we  suppose  that  the  number  of 
cavity  modes  is  large  and  are  off  resonance  with  the  intermediate  level.  These  conditions  are  fulfilled 
when  the  biphotons  pairs  leave  the  cavity  very  quickly.  In  this  approximation  the  time-behaviour 
of  inverted  system  of  radiators  relative  to  dipole-forbidden  transition  [2  >-^  jl  >  is  similar  to 
two-photon  superradiance  of  A-type  three  level  atomic  system  in  free  space.  But  the  intensity  of 
cooperative  emission  strongly  depends  on  the  coupling  of  atomic  system  with  microcavity  modes. 
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2.  MASTER  EQUATION 


We  study  an  inverted  three-level  atomic  system  interacting  with  cavity  modes.  At  the  initial 
time  t  =  0  all  atoms  are  excited  in  the  [2  >  state.  In  this  model  one  consider  that  the  intermediate 
level  |3  >  is  off  resonant  with  the  cavity  modes  (see  Fig.  la). 
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Fig.  1  a  Indication  of  two  one- 
photon  emission  (solid  lines] 
and  two-photon  dipole  forbidden 
transitions  (broken  lines) 
in  a  cascade  three-level  system. 
Here  the  microcavity  mode  is 
ploted  by  the  dash-dotted  line. 


Fig.  1b  The  two-photon  transitions 
in  the  A -type  three  level  system 
in  a  micro  cavity. 


The  master  equation  for  the  density  operator  of  the  cavity  electromagnetic  field  (EMF)  modes 
and  inverted  atoms  is  obtained  by  utilizing  standard  techniques  described  in  Ref.  9. 

+  (1) 

where  the  Hamiltonian  H  describes  the  interaction  of  the  atoms  with  cavity  modes  and  can  be 
written  as 


K  0=1  j=l  I3=\  k  i=l 

^P{i)  =  +  (3) 
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Here  the  first  and  second  term  in  Eq.  (2)  are  the  free  cavity  EMF  and  the  free  atomic  Hamiltonians, 
respectively.  The  third  term  describes  the  interaction  between  the  atomic  system  and  cavity  EMF. 
The  loss  of  photons  from  microcavity  modes  is  described  by  Eq.  (3).  We  have  introduced  the 


following  notations  in  Eqs.  (1-3);  huaioi  =  1, 2, 3)  is  the  energy  of  level  a,  is  the  dipole  moment 
of  the  transition  between  the  states  |3  >  and  \j3  >  =  1,2),  ajj"  and  a„  are  the  creation  and 

annihilation  operators  for  cavity  photons  with  momentum  hit,  energy  and  polarization  A,  = 
{2'KhijjK.IV)^^^e\,  e\  is  the  photon  polarization  vector  (A  =  1,2),  V  is  the  cavity  volume,  Uf^  is  the 
corresponding  operator  of  the  transition  between  states  |3  >  and  >  of  the  j-th  atom,  K{k)  is 
the  energy  relaxation  rate  from  k  cavity  mode,  N  is  the  number  of  atoms  in  the  microcavity.  The 
operators  of  the  atomic  subsystem  and  the  EMF  operators  satisfy  the  commutation  relations 

Mp,  u^]  =  [a„,  a+]  =  [at,  a+]  =  [a„,  a„,]  =  0. 

Next  we  are  interested  in  the  time-behaviour  of  an  arbitrary  atomic  operator  0(t)  in  the  process 
of  spontaneous  emission.  Using  the  master  equation  (1)  one  can  obtain  the  following  Heisenberg 
equation  for  the  mean  value  of  the  operator  0{t) 

T.<0{t)>  =  jl:f;sa,<.<|£7?„((),0(()]> 


0(=1  j=l 


-  EE E%^(<4[c'|,w  +  t'i?,w.0(t)i  +  fc.c.).  (4) 

«  j=l  ^=1  " 

The  formal  solution  for  cavity  field  operators  can  be  obtained  from  the  Heisenberg 

equation: 

O'kit)  =  al{t)  +  al{t),  at  (t)  =  {ak{t))'^ ,  (5) 


where  al{t)  =  a^(0)e“‘("'‘  iA(«))t  ^nd 


=  E  E  f  -t)  +  UfAt  -  r)) 

j=l  I3=l  ^ 

are  the  vacuum  and  source  parts  of  the  operator  ak{t).  If  we  substitute  Eq.  (5)  for  a„(t)  and  at{t) 
in  Eq.  (4)  one  obtains  the  following  equation  for  the  mean  value  of  the  operator  0(t) 


<o(t)>  =  iEE".<lc'£(<).o(()i>-EE  t 


Of=l  j=l 


«  j,/=l  0!,/3=:1 


X  f  <  (£/?„((  -T)  +  Ur,(t-  r))lUfi,(t)  +  (7/3(4),  0(4)1  >  +h.c.)  (6) 

JO 

As  the  level  jS  >  is  off  from  resonance  with  the  cavity  mode,  the  transitions  from  the  upper  state 
[2  >  to  the  ground  state  \1  >  take  place  through  the  virtual  state  |3  >.  To  take  into  account  such 
transitions  we  express  the  atomic  operators  —  r)  and  U^i(t  —  r)  via  atomic  operators  Ui  and 


Ul{t-r)  =  (/f„(4)e-‘“-'  +  EE^^^f' 


-iufZaO 


X  {atit  -T  +  -  a«(<  -  r  -  r  -f-  0) 
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After  substitution  of  Eq.  (7)  in  Eq.  (6)  we  obtain  the  two  kind  of  transitions:  (a)  through  the  real 
state  |3  >,  and  (6)  through  the  virtual  state  |3  >.  The  transition  through  the  real  level  |3  >  is 
described  by  the  first  term  of  Eq.  (7),  and  the  virtual  transition  is  described  by  the  second  term  of 
the  same  expression.  In  the  bad  cavity  limit  {  K{k)  >  t~^,  is  the  atomic  decay  rate  )  and  the 
relatively  large  number  of  cavity  modes  one  can  use  the  Born-Markoff  approximation.  In  this  case 
we  obtain  the  following  equation  for  the  operator  0{t): 


+ 

+ 

X 

X 

The  second  and  the  third  term  describe  the  two  one-photon  cascade  emission  and  two-photon 
dipole-forbidden  transition  in  cavity  modes,  respectively. 

3.  TWO-PHOTON  AND  TWO  ONE-PHOTON  COOPERATIVE  EMISSION 


j=:l  0'=1 

(i|  <  uumuUi).om  > 

1  ^ 

^  j,/=l  «1«2 

^(gKi^d3i)(ffK2?d32)  ^  j2  +  —  a;2i) 

0^23  ”  ^K2  ^31  ““  +  ^K2 

<  Ul(t)[Ul^{t),0(()\  >  U-c.)  (8) 


In  Eq.  (8)  one  can  neglect  the  last  term  in  case  when  the  cavity  modes  are  in  resonance  with 
the  level  |3  >.  In  this  case  it  is  possible  to  obtain  the  Dicke  solvable  model  of  superradiance^®. 
When  u}23  =  W31  =  wq,  ^23  =  ^31  =  d,  the  behaviour  of  the  atomic  system  in  microcavity  can  be 
described  by  more  simple  operators  of  the  SU{2)  algebra: 

D.j  =  Ul  -  Ulj.  Df  =  +  Ul),  D-  =  V2(Ul  +  t/i  ). 

Here  Z)+  and  Dj  are  the  excitation  and  deexcitation  operators  of  the  j-th  atom  in  the  process  of 
cascade  transitions;  Dzj  is  the  population  difference  between  the  levels  |2  >  and  |1  >.  The  following 
chain  of  equations  can  be  obtained  from  Eq.  (8): 


K  i=l 


K{k) 


1 


1(0;^  —  uq  —  iK{K)) 

— - \  <  Dj{t)D,nD;{t)  >}. 


A'2(«:)  +  (u;«  -  uqY 

<  DnmjD-jt)  > 


(9) 
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Neglecting  the  fluctuations  of  the  operators  Dzj{t)  in  the  case  of  concentrated  atomic  system  (  the 
dimension  L  of  the  atomic  system  is  much  less  than  the  emission  wavelength  A)  the  solution  of  the 
decoupled  chain  (9)  is 

D,{t)  = -Ntanh{^-^). 

Here  and  to  =  T^lnA^  are  the  cooperative  emission  time  and  the  delay  time,  respectively: 


—  =  ‘)N^  _ 

Tr  "  K'^{k)  +  (Wk  -  UqY  ' 

With  increasing  the  detuning  (u;„  —  wo),  the  two  one-photon  cascade  emission  is  substantially  in¬ 
hibited. 

If  the  cavity  modes  are  off  resonance  with  the  state  |3  >  and  the  energy  distance  between  the 
different  energy  modes  is  larger  than  the  natural  width  of  the  level  [3  >,  the  contribution  of  two 
one-photon  emission  is  negligible  and  true  two-photon  transition  occurs.  In  this  situation  we  obtain 
another  chain  of  equations  for  the  atomic  subsystem: 


N 


4  <  R,(t)  >  =  -F  E  E 


dt 


( 


K2  ?  ^32)  (ff«i  ?  ^32  ){9  ;  ^31 ) 


<*^23  —  Wk2 


-f-  (w«j  +  a>K2  —  ‘*’21)^ 

2 
W 


<  Rl-{t)R-{t)  >  +h.c. 


A  <  Rf(t)R~(t)  >  =  “  ^  ^  (g«n^l)(^«2^^2)  (g«n<^32)(gK2;<^l) 


«1«2 


X  {7; 


^23  ~ 
o-t(«l+K2/i-n) 


«2 


J 

<  Rtit)Rzi{t)RJ{t)  > 


-f  a;«2  ”  ^^21  -  *A'(«i)) 

gi(Kl+«2irj-fi) 

+  -^7 - <  Rt{t)Rzj{t)RT{t)  >} 


(10) 


where  Rf  =  Uij,  Rj  =  U^j,  and  R^j  =  {U^j  —  Ulj)l‘l  {Rz  =  T,j  Rzj)  satisfy  the  commutation 
relations  for  spin  operators. 

We  wish  to  study  the  cooperative  emission  of  two  atoms  in  microcavities.  In  this  case  one 
obtains  a  closed  system  of  equations  for  the  variables  Z{t)  =  <  Rzi{t)  >  +  <  Rz2{t)  >,  V{t)  = 
<  i?2  (0-^r(0  >  +  <  (0  >>  ^(0  =  <  Rzl{t)Rz2it)  >' 


jZ(t)  =  -i{l  +  Z(()}  -  iF((), 

at  To  T\ 

lv(t)  =  -iy(t)  +  iz(0  +  ly(,), 

Ivit)  =  -lyw_Ez(.)  +  Ey(t).  (11) 


Here  Z{t),  V{t)  and  Y{t)  are  the  inversion  of  atoms,  the  cooperative  rate  of  emission  and  the 
correlation  function  of  inversions,  respectively. 
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Using  the  initial  conditions  for  the  above  variables  Z(i  =  0)  =  1,  =  0)  =  0,  and  y(t  =  0)  = 

1/4,  we  obtain  the  following  solution  of  the  system  (11): 


Z(t) 

V(t) 

r(r) 


4n^  1  —  n 

- e  ^  4 _ 


1  — 

4n 

1  — 

,2 


'  +  -  1, 
1  n 


e-2^- 


1  +  n 

,  l  +  ”__(l+n)T 


+ 


1  +  n  1  —  n 

Lt^le-^r  _  l-n  (l-n)r  _  JJll_,-(l+n)r  , 

l-n2  2(1+ n)  2(1 -n)  ^ 


(12) 


where  n  =  Tq/ti,  t  =  i/rp. 

The  biphoton  spontaneous  and  cooperative  decay  times  Tq  and  can  be  found  from  the 
relations: 


_ I  (gwi  )^3i)(g>tai<^2) 

To  KJKJ  +  (Wki  +  Wrj  —  Wjl)^  I  W23  —  Wkj 


(gKH<^2)(^K2>^l) 
^31  —  W„2 


2 


1  2 

3  =  :^  cos(Ki+«2,r2i) 

M  KJ  K2 


/<:(«!) 


/{"^(ki)  +  (Wk,  +  Uk2  ~  W2l)^ 


{9Ki,d3i){gK2,ds2)  (5ki»<^32)(^K2><^3i) 


W23  - 


0^31  —  UJ, 


«2 


We  observe  that  the  two-photon  forbidden  transitions  achieve  the  maximum  value  when 
=  a;2i.  Such  transitions  decrease  in  inverse  proportion  to  the  square  of  detuning  of  the  level  [3  > 
from  resonance  A^,  where  =|w23  —  Wk|.  One  mention  here  that  the  probability  of  two- photon 
transitions  in  microcavities  are  higher  than  the  similar  transitions  for  A  -type  three  level  systems 
(see  Fig.  lb)  in  free  space^^.  It  is  not  difficult  to  observe  that  in  free  space  0)32  +  is  larger  than 
Ak  for  the  microcavity. 

For  a  large  number  of  atoms  the  two-photon  cooperative  emission  substantially  increases.  This 
follows  from  the  chain  of  equations  (10)  which  is  analogous  to  that  for  the  two-photon  cascade 
emission  (Eq.  (9)).  As  the  photons  are  generated  in  pairs  the  radiation  intensity  of  the  bipho¬ 
tons  (photon  pairs)  becomes  proportional  to  and  the  second-order  photon  correlation  function 
remains  much  greater  than  the  squared  first-order  correlation  function  during  the  entire  collective 
decay  process.  In  this  situation  the  superbuncing  phenomenon  is  possible. 


4.  CONCLUSIONS 


In  this  paper  we  have  studied  the  possibility  of  cooperative  two-photon  dipole-forbidden  tran¬ 
sitions  in  microcavities  for  the  inverted  three  level  system  in  the  cascade  configuration.  We  have 
shown  that  when  the  cavity  modes  are  far  from  resonance  with  the  intermediate  level  jS  >  ,  so  that 
Ak  A^/tq,  the  cooperative  dipole-forbidden  emission  stimulated  by  the  discrete  cavity  modes  can 
take  place.  In  this  case  the  resonance  between  the  biphoton  belonging  to  the  two  cavity  modes  and 
the  same  parity  levels  |2  >  and  |1  >  is  possible.  The  probability  of  two-photon  dipole-forbidden 
transitions  in  a  microcavity  is  larger  than  that  in  a  free  space".  In  order  to  observe  the  coopera¬ 
tive  emission  of  biphotons  in  the  bad  cavity  limit  N/tq  <  K{k)  it  is  necessary  to  inhibit  the  two 
one-photon  cascade  emission. 
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Nonlinear  excitonic  susceptibilities  of  semiconductors  at  high  level  of  excitation. 
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ABSTRACT 

The  hysteretical  behaviour  of  imaginary  and  real  parts  of  the  semiconductor  susceptibility  in  the  exciton  range  of 
spectrum  taking  into  account  the  exciton-photon  and  elastic  exciton-exciton  interaction  in  the  pump-probe  regime  depending 
on  the  intensity  and  frequency  of  the  strong  pump  laser  pulse  and  on  the  frequency  of  the  test  pulse  is  studied.  The  conditions 
of  the  emergence  of  the  damping  suppression  and  test  pulse  gain  are  determined.  The  abrupt  red  and  blue  shifts  of  the 
spectral  position  of  the  exciton  absorption  band  depending  on  the  intensity  of  the  pump  pulse  are  predicted. 

Keywords;  dispersive  and  absorptive  susceptibilities,  exciton,  absorption  band,  gain  band,  red  and  blue  shifts 

1.  INTRODUCTION 

It  is  well  known  that  the  physical  properties  of  the  atoms  can  be  modified  by  their  interaction  with  the  strong 
electromagnetic  radiation.  For  instance  the  virtual  emission  and  reabsorbtion  of  nonresonant  photons  lead  to  a  shift  of  the 
atomic  energy  levels.  A  similar  situation  might  also  be  found  in  the  solids  for  intrinsic  transitions  like  excitons.  Therefore  the 
electromagnetically  induced  changes  in  the  optical  properties  of  the  semiconductors  at  high  level  of  laser  excitation  have 
attracted  a  great  attention  in  the  recent  years  due  to  its  possible  practical  applications  for  the  construction  of  ultrafast  all- 
optical  devices  such  as  bistable  or  logic  elements  with  on  and  off  switching  times  in  the  picosecond  or  even  subpicosecond 
domain. 

The  field  induced  transparency,  optical  Stark-effect,  blue  and  red  shifts  of  the  atomic  and  exciton  resonances  and 
other  nonlinear  optical  effects  have  proved  to  be  important  and  the  number  of  experiments  have  demonstrated  these  effects.  A 
very  large  high-energy  shift  of  the  lowest  exciton  resonance  in  GaAs  multiple-quantum-well  structures  is  observed'  during 
irradiation  of  the  sample  with  femtosecond  laser  pulses.  These  effects  were  explained  in  terms  of  the  excitons  “dressed”  by 
photons.  The  experiments  and  theoretical  description  of  large  optical  Stark-effect  in  the  exciton  range  of  spectrum  of 
semiconductors  are  presented^.  The  possibility  of  a  media  with  a  very  large  refractive  index  and  vanishing  absorption  has  also 
been  demonstrated^.  It  was  shown^  that  the  field-induced  transparency  effect,  the  changes  in  the  dispersive  characteristics  and 
possibility  of  the  probe  gain  to  the  presence  of  the  pump  laser  exist  in  the  system  of  high-density  excitons  modelled  as  a 
system  of  anharmonic  oscillators.  For  the  first  time  we  have  demonstrated  the  hysteretical  changes  and  jumps  in  the  spectral 
behaviour  of  the  dispersive  and  absorptive  susceptibilities  of  semiconductors  due  to  elastic  exciton-exciton  interaction^.  A 
similar  problem  was  discussed^"^  for  a  system  of  Bose-condensed  excitons  in  the  presence  of  pump  and  probe  fields. 

2.  THE  MAIN  RESULTS 

In  this  paper  we  present  the  main  results  of  the  theoretical  study  of  the  bistable  and  spectral  peculiarities  of  the 
dispersive  and  absorptive  susceptibilities  of  semiconductors  in  the  exciton  range  of  spectrum  taking  into  account  the  exciton- 
photon  and  elastic  exciton-exciton  interactions  in  the  presence  of  the  pump  and  probe  pulses  of  laser  radiation.  We  suppose 
that  the  strong  (pump)  electromagnetic  wave  with  the  amplitude  Eq  and  frequency  and  the  weak  (probe,  test)  wave  with 
the  amplitude  E  and  frequency  ©  incident  on  the  crystal.  The  photons  of  the  strong  electromagnetic  wave,  being  close  to 
the  resonance  to  the  Is-exciton  state  with  the  self-frequency  ©o  propagate  in  the  crystal,  induce  the  transitions  from  the 
ground  state  of  the  crystal  to  the  exciton  state  and  thus  excite  the  high  density  of  coherent  excitons.  The  spectral  changes  in 
the  optical  properties  of  semiconductor  are  probed  by  photons  of  the  weak  pulse.  The  Hamiltonian  of  the  system  of  coherent 
excitons  interacting  with  the  external  fields  in  the  frame  rotating  with  the  frequency  ©^  of  the  strong  field  has  the  form 

H=hAa'^a  +  hva"'’ a  a/2  +  hg(Eo'^aVa  hgCa'^V*^  V  aE  %  (1) 
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Fig.  1.  Absorptive  susceptibility  X'^/Xo  dependence  on  the  normalized  pump  amplitude  /  for  different  values  of  the  pump 
detuning 


where  A=cOe“CDo  and  5=co-(Oe  are  detunings,  a  is  the  amplitude  of  the  exciton  wave,  g  is  the  exciton-photon  coupling  constant 
and  V  is  the  elastic  exciton-exciton  interaction  constant.  In  accordance  with  (1)  the  semiclassical  equation  for  the  exciton 
wave  amplitude  a  is 

i — a  =-Aa-iYa  +  va'^a  a  -  gEo‘^-gE \  (2) 

dt 

where  y  is  the  phenomenological  damping  constant  of  the  exciton.  Then  having  calculated  the  response  of  the  exciton 
system  to  all  orders  in  strong  field  Eo  and  to  the  first  order  in  weak  field  E  it  is  easy  to  obtain  the  following  expressions  for 
the  dispersive  and  absorptive  susceptibilities  of  the  crystal : 


X'l%o  = 

xVxo  = 


-  2z  +  z' 


1  - 


2  (Sq  -  Aq  +  2z) 


1  +  (5,,  -  +  2z)"J 


1  +  (5„  -  Ao  +  2zf 


where 


F  = 


1  - 


1  +  (8,,  -  A„  +  2zf} 


6„  +  A„  -  2z  + 


8„  -  A„  +  2z 


1  +  (5„  -  A,,  +  2z)" 


(3) 

(4) 

(5) 


X.'t's*  /y^  Ao=A/Y5  X  =Ao+5o=(G)“Q)o)/Y5  Z=vno/Y?  Ho  is  the  density  of  coherent  excitons,  excted  by  the  field 

of  the  strong  pulse,  which  is  expressed  by  a  nonlinear  equation 

z[(z-Ao)"+l]=/l  ^  (6) 

Here  /=Eo/Es ,  the  normalized  amplitude  of  the  strong  field,  where  Es'^=y^  /vg^.  It  follows  from  (6),  that  the  density  of 
coherent  excitons  z  undergoes  the  bistable  behaviour  depending  on  /  for  the  fixed  values  of  Aq  if  A©  >3'^  and  depending 
on  Ao  for  the  fixed  values  of  /  if  /  >/cr=(4/3)^^'^.  It  is  known®’  that  the  susceptibilities  under  the  action  of  only  the  pump 
pulse  can  also  undergo  the  bistable  behaviour  depending  on  /  and  Aq.  Taking  into  consideration  this  conclusion  we  have 
studied  the  behaviour  of  the  real  (dispersive)  X^  and  imaginary  (absorptive)  X^^  of  susceptibility  depending  on 

the  pump  Ao  and  test  5o  detunings  and  on  the  level  of  the  pump  excitation  /. 
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Fig.2.  Dispersive  susceptibility  dependence  on  the  normalized  pump  amplitude  /  for  different  values  of  the  pump 

detuning  Aq. 


3.  DISCUSSION  OF  RESULTS 

It  follows  from  (3 )-(6)  that  ^d  sixc  the  complex  function  of  Ao,6o  and/.  In  Fig.  1  the  absorptive  susceptibility 

X^^  is  plotted  as  a  function  of  normalized  pump  amplitude  /  for  different  values  of  pump  detuning  Aq  and  fixed  value 
of  probe  detuning  6o==0.  The  absorption  monotonously  decreases  with  the  increase  of  the  pump  amplitude  /  if  pump 
detuning  Aq  ^  0,  that  is  if  the  frequency  of  pump  photons  is  smaller  than  the  self-frequency  of  excitons.  It  is  due  to  the  fact 
that  the  self-frequency  of  excitons  shifts  to  the  todamental  frequency  of  crystal  with  the  increase  of  the  density  of 
excitons.  If  the  pump  detuning  0<Ao<3*^  the  absorption  at  first  increases  with  the  increase  of  the  pump  amplitude  /,  reaches 

its  maximum,  Xmax^VXo==(l-Ao^/3)’^  at  /  ^=2Ai(9+Ai^)/27,  then  monotonously  decreases.  Since  the  function  z(/)  is  a 
threevalued  one  for  Ao  >3^^  in  the  region  /+</</.  this  multivaluedness  displays  in  the  behaviour  of  X^X/)*  Therefore  if 
Ao>3^^the  function  X^^(/)  exhibits  the  bistable  behaviour  depending  on  the  pump  amplitude  /  for  the  fixed  values  of 
Ao  and  undergoes  the  jumps  at  the  different  values  of  /  when  the  field  amplitude  /  increases  then  the  susceptibility  X^^ 
increases  too  in  the  interval  0</</..  Approaching  the  amplitude  /=/.  the  function  X^  V)  at  first  infinitely  increases, 
then  it  undergoes  the  jump  to  the  finite  value  X!* I and  further  this  function  monotonously  decreases. 
However  if  the  pump  amplitude  decreases  from  the  values  />/.  the  function  X^^(/)  at  first  monotonously  increases, 

approaching  the  value /=/+  it  achieves  infinity  and  undergoes  the  jump  to  the  finite  value  of  and  at 

last  monotonously  decreases  in  the  interval  0</</+.  Here  the  values  f±  depend  only  on  the  detuning  Ao  and  are  determined 
by  the  expressions 


i  +  9)  □  -  3)^  >  (7) 

These  behaviour  peculiarities  of  the  absorptive  susceptibility  X^^  are  due  to  the  elastic  exciton-exciton  interaction  which 
gives  rise  to  the  exciton  resonance  shifting. 

In  Fig.2  the  dependence  X'(f)  plotted  for  different  values  of  the  pump  detuning  Ao  when  the  frequency  of  the 
test  field  is  in  the  resonance  with  the  exciton  frequency  (6o=0).  It  follows  from  Fig.2  that  the  corresponding  peculiarities 

take  place  in  the  behaviour  of  the  dispersive  susceptibility  X^  too  depending  on  the  level  of  excitation.  We  can  see  that 
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Fig.3.  Absorptive  susceptibility  'jC' 1%^  dependence  on  the  normalized  test  detuning  x  for  pump  detuning  Ao=3  and 
different  values  of  the  pump  amplitude  /  for  the  cases,  when  pump  amplitude  increases  (a)  and  decreases  (b). 


there  are  the  different  behaviours  of  X^(/)  for  the  different  values  of  pump  detunings  a®  ,  especially  for  the  critical  values 
of  Ao ,  when  the  shapes  of  the  function  5C^(x)  undergo  die  abrupt  changes. 

and  versus  x  (x  is  the  normalized  detuning  of  the  test  pulse  frequency  ©  concerning  to  the  exciton 

self-frequency  ®o)  are  plotted  correspondingly  in  Figs.3-4  for  Ao=3  and  different  values  of  pump  amplitude  /  for  the 
cases,  wiien  pump  amplitude  /  increases  (Figs.3a,4a)  or  decreases  (Figs.3b,4b).  It  follows  from  Fig.3a  that  the 
absorption  band  of  the  test  field  gradually  shifts  to  the  short-wave  side,  when  the  value  /  increases  from  zero  to  the  value 
/=/..  It  is  due  to  the  monotonous  concentration  shifting  of  the  excitonic  level.  However  in  the  case  of  a  small  increase  of  / 
above  /.,  that  is  with  the  passage  through  the  value  /  =/. ,  the  abrupt  (jump)  shift  of  the  peak  of  the  absorption  band 
takes  place  in  the  significance  distance  concerning  to  it  position  at  and  simultaneously  in  the  long-wave  region 
band  of  negative  absorption  or  the  gain  band  of  the  test  field  arises.  With  further  increase  of  />/.  only  monotonous 
shifting  of  the  absorption  and  gain  bands  takes  place  again  to  the  short-wave  side.  The  abrupt  change  of  the  peak 
position  of  the  absorption  band  in  the  region  of  /  »/.  in  case  of  increase  of  the  pump  amplitude  /  is  due  to  the  fact, 
that  at  this  value  of  the  pump  amplitude  the  exciton  density  undergoes  the  jump  change  which  is  bigger,  when  the 
pump  detuning  Ao  is  large.  The  physical  reason  of  the  gain  effect  is  due  to  the  processes  of  leaving  of  the  excitons  in 
pairs  from  the  coherent  state,  vvfrich  are  excited  by  the  strong  (pump)  laser  field,  and  to  its  transitions  to  the  long-wave  and 
short-wave  regions  of  both  polariton  branches  in  accordance  with  the  energy  and  momentum  conservation  laws.  The 
radiative  recombination  oftransited  excitons  is  the  main  reason  of  the  arising  of  the  damping  suppression  effect  and  hence 
of  the  gain  band  formation.  The  gain  band  as  well  as  the  absorption  band  undergoes  the  blue  shifts  when  the  pump 
amplitude  increases.  The  gain  effect  of  the  test  pulse  arises  only  in  the  long-wave  tail  of  ftie  absorption  band  and  is 
bounded  by  the  spectral  region  of  the  test  detuning _ 

2(Ao- Z) - -s/z^  -  1  ac S2(Ao- Z)  +  -  1  .  (8) 

The  width  of  this  region  Ax=2(z^-1)'^  is  determined  only  by  the  amplitude  and  frequency  of  the  pump  field  /. 

If  now  we  begin  to  decrease  the  pump  amplitude  /  from  the  value  />/.  then,  at  first  the  monotonous  shifting  of  the 
peaks  of  gain  and  absorption  bands  takes  place  up  to  the  value  /=/+</.  (Fig.3b).  When  the  pump  amplitude  /  passes 
throu^  the  value  /=/+  the  gain  band  vanishes  and  the  absorption  band  peak  abruptly  changes  its  position  to  the  long¬ 
wave  side.  With  the  filler  decrease  of  /  only  the  monotonous  shifting  of  the  absorption  band  to  file  long-wave  side 
takes  place.  Thus,  file  absorption  band  of  the  test  radiation  and  the  gain  band  undergo  the  abrupt  Oump)  spectral  change 
of  its  spectral  forms  positions,  when  the  pump  amplitude  /  approaches  the  critical  values/=/+  and  /=/.,  wWch  are  consistent 
with  the  positions  of  jumps  of  the  function  z(/). 
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a  b 

Fig.4.  Dispersive  susceptibility  dependence  on  the  normalized  test  detuning  x  for  pump  detuning  Ao=3  and 

different  values  of  the  pump  amplitude  /  for  the  cases,  when  pump  amplitude  increases  (a)  and  decreases  (b). 


It  will  be  noted  that  presented  in  Fig.3-4  results  refer  to  the  case  when  the  pump  detuning  =3,  that  is  when  the 
developed  bistability  takes  place  in  the  dependence  of  the  coherent  excitons  density  z(/)  on  the  pump  amplitude  /. 
Namely  in  this  case  (Ao>3*^)  the  abrupt  (jump)  changes  of  the  shape  and  position  of  the  absorption  and  gain  bands 
appear.  These  changes  are  determinated  by  the  amount  and  direction  of  variation  of  pump  field  amplitude.  If  the  pump 
detuning  Ao  <3^^  the  fiuiction  z(J)  is  a  nonlinear  single-valued  one  and  then  the  shapes  and  positions  of  the 
absorption  and  gain  bands  peaks  depend  on  the  Ao  and  /,  but  do  not  depend  on  the  direction  of  variation  of  the 
pump  amplitude. 

From  Figs.3b,4b  we  can  see  that  the  analogous  peculiarities  are  manifested  also  in  the  behaviour  of  the  real  part  of 
susceptibility  5^'(x)  for  different  values  of  the  pump  field  amplitude. 
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ABSTRACT 

The  theory  of  regular  and  chaotic  self-pulsations  in  a  crystal  with  the  participation  of 
coherent  excitons  and  biexcitons  is  elaborated.  The  method  of  chaotic  self-pulsation  suppression 
in  the  system  of  coherent  excitons  and  biexcitons  is  proposed.  This  method  consists  in  action  of 
external  periodical  turbulence  upon  a  stochastic  system.  The  range  of  amplitude  values  and 
frequencies  of  external  harmonic  pump  were  found  at  which  the  chaotic  oscillation  regime 
becomes  nonlinear  periodic  by  transformation  of  strange  attractor  into  a  limit  cycle.  The 
feasibility  of  observing  the  predicted  effects  in  experiment  is  discussed. 

Keywords:  self-pulsations,  strange  attractor,  controlling  of  chaos,  exciton-biexciton  system 

1. INTRODUCTION 

Much  attention  is  being  paid  recently  to  the  study  of  cooperative  processes  in  the  exciton 
region  of  the  spectrum.  Since  optical  nonlinearities  in  semiconductors  are  particularly  large  in  the 
exciton  region  of  the  spectrum,  nonlinear  interaction  of  light  with  matter  is  most  strongly 
pronounced  just  in  this  frequency  region.  In  Refs.  1-4  using  generalized  Keldysh  equations^ 
that  describe  coherent  excitons  and  photons  that  are  weakly  inhomogeneous  in  space  and  in 
time,  a  theory  was  constructed  of  optical  bistability  (OB)  in  the  exciton  region  of  the 
spectrum,  and  optical  switchover  between  optical-bistability  modes  was  investigated.  It  was 
shown,  for  the  first  time  ever,  that  regular  and  stochastic  self-pulsations  can  appear  on  the 
long-wave  edge  of  the  proper  absorption  of  a  crystal,  the  possibility  was  predicted  of 
observing  and  suppression  of  spatial  turbulence  in  a  system  of  coherent  excitons  and  photons. 
Above-mentioned  phenomena  present  interest  because  it  is  one  of  the  most  striking  examples  of 
optical  self-organization  of  a  system,  far  from  thermodynamic  equilibrium,  and  offers 
tremendous  prospects  of  practical  application,  primarily  for  optical  information  processing 
and  for  the  development  of  computers  with  optical  logic. 

The  notion  of  a  biexciton,  whose  existence  was  predicted  by  Moskalenko®  and  Lampert’  ,  is 
widely  invoked  to  interpret  new  absorption  and  fluorescence  bands  in  semiconductors.  At 
present,  convincing  experimental  proofs  of  the  existence  of  biexcitons  in  CuCl  crystal  are 
available.  These  proofs  are  based  on  the  observation  of  the  M-band  resulting  from  biexciton 
radiative  recombination*®  and  two-photon  excitation  of  biexciton  from  the  crystal  ground 
state'®.  In  the  work  of  Gogolin,  Rashba,  and  Hanamura"-'*  ,  the  corresponding  transitions  are 
shown  to  feature  giant  oscillator  strengths  favoring  the  most  pronounced  manifestation  of 
nonlinear  phenomena  in  this  frequency  range.  A  theory  of  stationary  and  nonstationary  OB 
and  of  self-organization  of  regular  and  random  time  structures  was  developed  in  Refs.  14, 15 
for  exciton-biexciton  transitions. 

In  a  CuCl  crystal,  the  biexciton  bond  energy  is  of  the  order  of  40  meV,  and  the  exciton 
absorption  band  and  the  M-band  of  biexciton  recombination  are  well  separated  from  each 
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other  in  essential  contrast  to  the  situation  in  CdS  and  CdSe  crystals  where  the  biexciton  bond 
energy  is  small,  3  meV.  A  correct  study  of  the  OB,  self-pulsations  and  suppression  phenomena  in 
a  CuCl  crystal  necessitates  simultaneous  action  of  two  independent  optical  pulses  each  being  in 
resonance  with  a  definite  transition.  In  addition,  exciton-exciton  quantum  transitions  are  known 
to  be  characterized  by  giant  oscillator  strengths.  Recognizing  furthermore  that  the  characteristic 
relaxation  times  of  excitons  and  biexcitons  are  very  short  ( ^  «  10''°  -  lO"'^  5)>  h  becomes  obvious 
that  they  will  play  a  decisive  role  in  the  design  of  optoelectronic  instruments,  where  ultrafast 
switchover  is  necessary.  Owing  to  these  proprieties,  optical  self-organization  of  excitons  and 
biexcitons  is  extensively  investigated. 

This  paper  presents  a  theoretical  investigation  of  regular  and  chaotic  self-pulsations  in  a  CuCl 
crystal  with  the  participation  of  coherent  excitons  and  biexcitons.  We  proposed  the  method  of 
chaotic  self-pulsation  suppression  in  the  system  of  coherent  excitons  and  biexcitons.  The  method 
consists  in  action  of  external  periodical  turbulence  Y  -  y  +  asin(<yr)  upon  a  stochastic  system. 
The  range  of  amplitude  values  and  frequencies  of  external  harmonic  pump  were  found  at  which 
the  chaotic  oscillation  regime  becomes  nonlinear  periodic  by  transformation  of  strange  attractor 
into  a  limit  cycle. 

2.  DYNAMIC  EQUATIONS  IN  THE  MEAN  FIELD  APPROXIMATION 

We  use  the  three-level  model,  as  applied  to  a  CuCl  crystal,  in  which  the  energies  of  the  "crystal 
ground  state-exciton"  and  "exciton-  biexciton"  transitions  differ  by  the  biexciton  bond  energy.  It  is 
supposed  that  photons  of  the  first  pulse  with  energy  rKy,  =  -/„  are  in  resonance  with  a 

transition  in  the  exciton  spectral  range,  and  photons  of  the  second  pulse  with  energy 
riOj  =Eg-l^  -hiex  iri  resonance  with  the  region  of  the  fluorescence  M-band  of  a  CuCl 

crystal  (Eg  is  the  band  gap,  (hux)  is  the  exciton  (biexciton)  bond  energy  ).  We  consider  one 
macrofilled  mode  of  coherent  excitons  and  biexcitons  and  one  macrofilled  mode  of  coherent 
photons  of  every  pulse.  The  full  Hamiltonian  of  the  problem  consists  of  the  sum  of  Hamiltonians 
of  free  excitons,  biexcitons,  and  fields,  as  well  as  the  interaction  Hamiltonian  which  in  the  model 
adopted  has  the  form 

=  -vg(aE;  +a*  E;)-r^(a^bE;  -vab^ED 


where  a*  and  b*  are  the  creation  operator  of  exciton  and  biexciton,  g  is  the  constant  of  exciton- 

photon  interaction,  G  is  the  exciton-biexciton  optical  conversion  coefficient  and  is  the 
positive  (negative)-frequency  component  of  the  electric  field  of  the  electromagnetic  wave  of  the 
yh  pulse  (j=  1,2). 

The  equations  of  motion  for  the  exciton  and  biexciton  amplitudes  have  the  form 


/  ^  =  fi)  -  iy  -  gE;  -  gGbE; 
.db 

i—  =  co 
dt 


biex 


b-lYbiJ-gG^o 


(1) 


(2) 


where  and  are  the  energies  of  exciton  and  biexciton  formation,  respectively,  and 
^^and  y^.^are  the  decay  constants  of  excitons  and  biexcitons  determining  the  rate  of 
quasiparticle  escape  from  coherent  modes  to  incoherent.  These  constants  were  inserted 
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phenomenologically  into  the  equations  of  motion.  Note  that  these  equations  can  be  derived 
rigorously  in  terms  of  the  quantum  theory  of  fluctuations  and  decays  from  the  flow  part  of 
the  corresponding  Fokker  -  Planck  equation*®  . 

The  equations  for  the  positive-frequency  field  component  have  the  form 


dt^ 


tl 

(3) 

(4) 

Here  and  sr®  the  velocities  of  field  propagation  in  the  medium. 

Let  us  represent  the  solution  of  Eqs.  (1)  -  (4)  in  the  form  of  a  product  of  slowly- 
varying  envelopes  and  rapidly  oscillating  components  with  carrier  frequencies  and 

and  wave  vectors  ki  and  ki : 

a  =  A  exp(-/fi>,t  +  ik^z) 

E*  =  e*  exp(-/Q),t  +  /A:,z) 

b  =  S  exp(-/(a),  )z)  (5) 

El  =  el  exp(-/<»2t  +  ik2z) 


Let  us  consider  further  the  nonlinear  effects  in  the  ring  cavity  geometry.  A  sample  of  length 
L  be  placed  between  the  input  and  the  output  cavity  mirrors  which  are  characterized  by  a 
transmission  coefficient  T.  The  two  remaining  mirrors  are  considered  to  be  totally  reflecting  (see 
Fig.  1).  The  boundary  conditions  for  the  ring  cavity  have  the  form 


Ej(0,t)  =  Ey  +Re^‘^'Ej(L,t  -  At) 

E,j(t)  =  (6) 


where  Etj  and  Eij  are  the  amplitudes  of  the  fields  incident  on  the  cavity  input  mirror  and 
transmitted  throu^  the  cavity,  R~l-T  is  the  reflection  coefficient  of  the  cavity  mirrors  l 
and  2,  (21+  L)/Cq  is  the  retardation  time  introduced  by  the  feedback,  co  is  the  velocity 

of  light  in  vacuum,  and  j  is  the  phase  increment  in  the  cavity. 


Fig.  1 .  Ring  cavity  diagram.  ^RJ 
and  Ejj  are  the  amplitudes  of  incident, 
reflected  and  transmitted  fields, 
respectively. 
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Substituting  (5)  in  Eqs.  (l)-(4)  in  the  slowly-varying  envelope  approximation”  '*  and  the 
mean-field  approximation”  *’  with  allowance  for  the  boundary  conditions  (6),  we  get 


dX 


dr 

dr 

dr 


=  -dA-d{X,+X,B) 
=  -B  +  X,A 


(8) 

(9) 

(10) 


where  Yi,  Y2  and  Xi,  X2  are  the  normalized  incident  and  transmitted  field  amplitudes,  A  and  B 
are  the  normalized  exciton  and  biexciton  amplitudes,  ^  is  the  dimensionless  time,  and  Ci  ,  C2 , 

cTi,ct2  are  the  constants,  defined  by  the  expressions: 


X, 


'T.J 

e. 


i 


As  B/ 


= 


_  ylBreJbic. 


gG 


Bs=G- 


As  = 


Jr^ 

yYbiex 


r  =  ^  = 


Ybi. 


UjL  cT 


biex 


biex 


L' 


a , 


4;r  vg^co^ 


j  =  1,2. 


Equations  (7)-(10)  describe  temporal  evolution  of  coherent  excitons,  biexcitons,  and 
electromagnetic  fields  in  the  ring  cavity  and  are  the  basis  for  following  studying  . 


3.COMPUTER  EXPERIMENT  AND  CONCLUSION 

The  criteria  for  the  existence  of  stationary  and  nonstationary  optical  bistability  and  optical 
switching  was  studded  in  Refs.  20.  The  nonlinear  dependence  of  the  output  radiation 
amplitudes  Xi  and  X2  on  the  input  radiation  Y2  amplitudes  in  the  steady-state  case  is  shown 
in  fig.2. 


Fig.2.  Steady-state  OB.  Xi,  X2(Y2)  in  the  ring  cavity  at  Yi=10,  Ci  =20,  C2=19. 
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It  is  of  great  interest  to  investigate  the  stability  of  the  curve  in  connection  with  the  possible 
development  of  self-pulsations  in  unstable  sections  of  the  OB  curves.  The  investigation  of 
stability  of  optical  hysteresis  steady  states  with  respect  to  small  perturbations  is  determined 
by  the  characteristic  equation  for  the  Jacobian  of  the  system: 


Cj  A, 

0, 

2Ci 

0 

XE\  = 

0, 

d. 

—o'j  —  A, 

dB 

2C^B 

-d-A 

-2C2A 

-dX^ 

0, 

A, 

X, 

1 

1 

0 


(11) 


where  E  is  the  unit  matrix.  If  the  real  parts  of  all  the  roots  of  the  characteristic  equation  (11)  are 
negative,  the  corresponding  steady  states  are  stable  with  respect  to  small  perturbations. 

Using  the  Routh-Hurwitz  criterion,  stability  of  steady  states  at  values  of  the  parameters 
was  investigated  for  Ci=20,  C2=19,  Yi=10,  d=07,  <3-  =  (X4,  o-  =0.7-  The  upper  parts  of  the 
curves  are  stable  as  before,  where  as  a  part  of  the  lower  branches  becomes  unstable.  Near 
the  point  A(A’)  (Fig.  2)  corresponding  to  the  initial  point  of  instability  regions,  nonlinear 
periodic  self-oscillations  appear  in  the  system,  and  the  phase  trqectory  goes  into  a  limit  cycle  in 
the  shape  of  a  figure  dght  curve.  As  the  imaging  point  moves  towards  the  window  center,  the 
oscillations  become  more  complicated,  new  harmonics  appear  in  their  spectrum,  and  finally, 
stochastic  self-osdllation  and  an  optical  turbulence  mode  develops  in  the  point  B(B’).  The 
projections  of  the  phase  tr^ectories  of  the  stochastic  self-modulation  process  is  shown  in  Fig.  3". 
In  contrast  to  the  famous  Lorenz  chaos2>'22  ,  where  stochastic  oscillations  and  strange  attractor 
creation  are  assodated  with  jumps  between  the  corresponding  equilibrium  states,  in  our  case, 
stochastidty  is  related  to  the  creation  of  a  chaotic  attractor  in  the  four-  dimensional  phase  space 
which  is  filled  with  phase  trajectories  in  a  complicated  manner. 


Fig.3.  The  strange  attractor  trajectories  in  the  plane  X2  -  Xi  a)  and  the  projection 
of  the  phase  portrait  under  the  influence  of  an  external  periodic  pump  of 
the  form  asin(<0r)  b) 
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There  is  of  interest  the  studding  of  dynamical  chaos  suppression.  One  of  the  methods  consists  in 
action  of  external  periodical  pump  of  form  +  cc  sin(fl>r)  upon  a  stochastic  system.  The 

amplitude  values  a  and  frequencies  o  of  external  harmonic  pump  were  found  at  which  the 
chaotic  oscillation  regime  becomes  nonlinear  periodic  by  transformation  of  strangle  attractor 
into  a  limit  cycle.  The  synchronization  process  are  shown  in  Fig.S**  at  a  =1,  m  =0.9.  Power 
spectrum  for  strange  attractor  is  shown  in  fig.4"  The  spectrum  is  continuous  as  we  see  from  the 
figure.  The  spectrum  is  discrete  in  the  case  of  the  limit  cycle.  Three  harmonics  are  dominant 
(see.  Fig.  4*’).  The  increase  of  the  parameter  cl  leads  to  institution  of  forced  oscillations  in  the 
system  that  are  out  of  our  interest.  Deviation  of  the  parameter  ca  from  the  critical  value  ( ^ 
=0.9)  leads  to  more  chaotisation.  It  follows  that  the  values  a  =1,  q>  =0.9  corresponds  to 
synchronization  region  when  strange  attractor  transforms  into  limit  cycle.  Critical  intensity 
under  which  is  possible  to  observe  the  abovementioned  phenomena  is  2  MW/cm^  ,  The 
concentration  of  excitons  and  biexcitons  are  10'“  1/cm^  and  10'^  1/cm^,  respectively.  The 
following  values  of  the  system  parameters  C|=20,  C2=19,  Yi=10,  d=0.7,  ^  =  0.4,  o-  =0.7 

correspond  to  these  values  of  intensities  and  concentrations. 


^  t) 

Fig. 4.  Power  spectrum  of  strange  attractor  andpower  spectrum  of  limit  cycle  6 j. 

In  conclusion  we  discuss  the  feasibility  of  observing  the  predicted  effects  in  experiment.  The 
model  studied  by  us  is  most  valid  for  crystals  such  as  CuCl,  in  which  the  exciton-binding  energy 
is  »  AOmeV  and  L=750A:  hy^  «  10"’ cF;  hy^^^  «  eV\  hg  Q3eV  I  {ern^^  V); 

Our  numerical  estimates  allow  us  to  conclude  that  it  is  really  possible  to  observe  self-  pulsations 
and  dynamic  chaos  suppression  in  a  system  of  coherent  excitons  and  biexcitons  in  condensed 
media. 
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ABSTRACT 

Morphological  correlation  is  a  novel  method  for  obtaining  high  discrimination  ability  in  pattern  recognition 
applications.  It  provides  also  important  abilities  for  image  compression  and  image  analysis.  The  concept  is  based  on 
slicing  the  input  image  and  the  reference  filter  into  many  binary  slices,  eg.  255,  and  correlating  them.  The 
morphological  correlation  is  defined  as  the  summation  of  these  correlations.  The  morphological  correlation  is 
characterized  by  a  sharp  correlation  peak  narrower  than  that  exhibited  by  matched  filter.  The  disadvantages  are  the 
requirements  of  performing  many  correlations  and  its  very  high  sensitivity  to  noise  added  to  the  reference  image. 

In  this  presentation  we  suggest  two  methods  to  solve  both  drawbacks.  First,  instead  of  255  correlations  we  suggest  to 
utilize  only  8,  by  representing  the  grey  level  of  each  pixel  by  its  8  bit  binary  representation.  Then,  8  binary  masks  are 
constructed  according  to  the  binary  representation.  In  order  to  address  the  problem  of  severe  sensitivity  to  noise,  we 
suggest  to  sum  the  255  correlations  of  the  morphology  slices  while  each  slice  is  multiplied  by  a  weighting  factor 
which  equals  the  correlation  peak  of  that  specific  slice  with  noise  divided  by  its  correlation  peak  value  when  no  noise 
is  added.  The  solutions  suggested  here  were  examined  by  computer  simulations  demonstrating  considerable 
improvements  in  the  performance  of  the  morphological  correlator. 

1.  INTRODUCTION 

Morphological  correlation  plays  an  important  role  in  the  field  of  image  matching  and  pattern  recognition. 
Considerable  part  of  the  projects  on  image  detection  has  been  based  on  minimizing  the  mean  square  error  (MSB) 
between  two  image  functions  and  thus  maximizing  their  cross  correlation*  when  they  represent  the  same  object. 

In  order  to  understand  morphological  correlation  consider  two  real  valued  discrete  functions  f(x,y)  and  g(x,y)  which 
will  represent  our  images.  The  linear  cross  correlation  between  these  functions  has  the  form  : 

Yfg(x’y)=  Xf(u  +  x,v  +  y)-g(u,v)  (1) 

u,v  eR 


This  linear  correlation  has  been  found  to  be  useful  for  detection  of  a  reference  image  in  an  input  scene  embedded 
by  an  additive  gaussian  noise^*^.  However,  for  changes  in  the  nature  of  the  gaussian  noise,  other  methods  yield  better 
results.  One  of  these  methods  is  the  Mean  Absolute  Error  ( MAE  )  defined  as: 

MAE(x,y)=  Xk(“  +  x,v  +  y)-g(u,v)|  (2) 

u.veR 

Since, 

lf-g|  =  f +  g-2-min[f,g]  (3) 


Equation  2  can  be  expressed  as: 

MAE(x,y)=  X|f(u+x,v+y)+g(u,v)-2iran[f(u+x,v+y),g(u,v)]|  (4) 


Hence,  minimizing^  **  MAE  is  equivalent  to  maximization  of  the  non  linear  cross  correlation  term,  i.e. 

^fg(x,y)  = 

U,V€R 


(5) 
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The  morphological  correlation  provides  higher  discrimination  capabilities  compared  to  the  linear  correlation  in 
pattern  recognition.  However,  it  needs  much  more  computational  efforts  to  obtain  the  final  result.  This  is  the  major 
reason  why  Morphological  correlation  is  not  widely  in  use. 

Optoelectronic  systems  may  solve  this  disadvantage.  One  way  to  achieve  that  is  to  use  the  well  known  joint 
transform  corrrelator^’®  (JTC)  as  depicted  in  figure  1, which  exhibits  the  cross  correlation  of  two  functions  via  a 
parallel  optical  computation. 


Input  Plane 


Figure  1 :  The  Joint  Transform  Correlator  scheme  . 

The  JTC  is  used  in  this  case  to  correlate  binary  slices  that  were  obtained  by  thresholding  each  image  separately. 
The  result  of  this  correlation  is  saved  on  a  computer  which  will  also  be  used  to  calculate  the  weighting  coefficients  as 
described  in  section  2.  The  sum  of  the  weighted  joint  power  spectra  is  fed  back  at  the  input  plane  for  a  second 
fourier  transform  to  produce  the  final  morphological  correlation. 

Morphological  correlation  is  veiy  sensitive  to  noise  and  provides  a  very  poor  detection  in  its  presence.  This 
sensitivity  is  also  noticed  when  slight  changes  in  the  intensity  of  the  image  or  their  background  illumination  are  made. 
Therefore,  it  is  desirable  to  develop  a  good  method  to  overcome  these  drawbacks.  In  this  paper  we  present  a  method 
that  uses  an  independent  weighting  coefficient  to  each  slice  and  by  that  allow  to  decide  which  weight  should  be 
attached  to  each  slice,  as  described  in  section  2. 

In  addition,  in  section  3  we  present  a  way  to  reduce  the  number  of  correlated  slices  by  using  a  binary 
representation  of  the  image’s  grey  levels.  This  algorithm  reduces  dramatically  the  computation  complexity  of  the 
morphological  correlation  operation.  Section  5  provides  some  computer  simulations  that  demonstrate  the  capability 
of  the  proposed  methods. 

2.  ADAPTIVE  MORPHOLOGICAL  CORRELATION. 

As  was  mentioned  in  the  introduction  section,  conventional  morphological  correlation  was  based  on  the 
assumption  that  all  slices  are  equally  important.  In  this  paper  the  conventional  morphological  correlation  is  extended 
and  a  weighting  coefficient  to  each  correlated  slice  is  introduced.  The  new  definition  for  the  morphological 
correlation  becomes : 


Q 

fg  =  Z  C,  -H  (6) 

q  =  1 

where  denotes  the  morphological  correlation  and  Pf^g^  denotes  the  correlation  between  slice  q  of  image  f  with 

slice  q  of  image  g.  The  maximal  number  of  grey  levels  that  exist  in  the  image  is  denoted  by  Q  and  Cq  is  the  weighting 
coefficient  of  slice  number  q.  This  method  has  some  advantages  in  comparing  to  the  conventional  morphological 
correlation  due  to  the  fact  that  it  may  take  in  consideration  noise  characteristics  and  thus  improve  the  noise 

robustness.  _  _  _  _ 

The  questions  that  come  up  are  how  to  consider  the  effect  of  noise  and  which  weighting  coefficient  should  be 
assigned  to  each  correlated  slice.  The  answer  is  not  absolute  and  several  methods  for  determining  those  coefficients 
were  considered.  In  all  of  those  methods,  information  from  the  reference  image  was  used,  thus  making  the  proposed 
algorithm  adaptive.  One  of  the  most  known  characteristics  of  an  image  is  die  intensity  histogram.  If  we  denote  by  I(q) 
die  number  of  pixels  with  grey  level  q,  die  grey  level  histogram  yields  diat  summation  from  a  certain  level  q  to  the 
maximum  level  255,  is  equal  to  the  energy  of  the  binary  slice  q  since  it  corresponds  to  all  I’s  in  that  slice  as  can  be 
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seen  from  fig.  2,  The  histogram  thus  provides  information  regarding  the  number  of  one’s  in  an  image  slice,  which  will 
be  called  M.  We  will  assign  to  each  slice  a  coefficient  defined  as: 

Cq  =  exp(k  •  Axq)  where  A  Xq  =  |Mq  -  Nq|  (7) 

whereby  Nq,  Mq  are  the  number  of  ones  in  the  reference  and  input  slice  number  q,  respectively.  Constant  k  is  a 
negative  coefficient  that  controls  the  weight  that  each  slice  provides  to  the  overall  correlation  and  thus  controls  the 
noise  robustness.  These  coefficients  are  determined  such  that  slices  with  large  Ax  will  contribute  less  and  slices  with 
small  Ax  and  thus,  more  similarity,  will  contribute  more. 


Figure  2:  An  example  of  an  intensity  image  histogram. 

Another  approach  was  to  increase  the  noise  robustness  by  considering  the  difference  between  peaks  of  correlation 
or  their  ratio.  The  first  peak  was  obtained  from  the  “autocorrelation”  generated  with  two  reference  slices.  Each  slice 
was  normalized  by  its  energy  so  that  this  peak  value  is  one.  The  cross-correlation  denoted  as  p(f,g)  represents  the 
correlation  between  the  normalized  reference  slice  and  the  normalized  input  slice.  It’s  maximum  peak  value  is 
smaller  than  one.  The  corresponding  weight  coefficient  in  this  case  is  either 

Cq  =  Max[|iq(f  ,g)]  or  Cq  =  exp|k  •  |l  ~  Max[|iq(f ,  g)]l)  (8) 

The  logic  behind  this  is  the  same  as  that  of  the  histogram  method:  correlation  that  has  small  correlation  peak  will 
contribute  less  and  vice  versa. 

Another  way  of  increasing  the  robustness  of  the  system  is  to  incorporate  also  correlation  of  slices  from  the 
reference  image  with  slices  from  the  input  image  which  are  not  from  the  same  level  of  tresholding  .  It  can  be  defined 

as: 


(9) 


where  q ,  p  are  slices  from  different  threshold  levels.  This  method  can  be  very  useful  when  considering  functions  with 
different  intensities.  There  the  morphological  correlation  fails  to  detect  and  one  can  refer  to  it  as  adding  bias  into  the 
reference  image . 


3.  BINARY  MORPHOLOGICAL  CORRELATION 

After  defining  techniques  for  improving  the  noise  robustness  of  the  morphological  correlation,  we  need  also  to 
reduce  the  computation  complexity  in  order  to  make  the  morphological  correlation  a  useful  and  efficient  tool  for 
image  detection  and  pattern  recognition. 

The  method  suggested  in  this  section  is  to  perform  morphological  correlation  with  small  computational 
complexity  by  using  a  binary  representation  of  the  intensity  levels.  For  instance,  image  having  an  intensity  level  of 
100  can  be  represented  as  binary  value  of  01 100100.  Hence,  it  is  equivalent  to  eight  binary  masks  having-the  value 
one  on  the  seventh,  sixth,  and  third  masks  and  zero  on  the  rest  (see  Fig.3  ). 
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(12  8) 


Figure  3:  (a)  The  reference  image,  (b)  The  corresponding  masks  of  the  reference  image. 

This  representation  causes  the  computing  complexity  to  be  drastically  reduced  since  only  eight  regular  correlation 
operations  are  used  instead  of  256.  Adding  the  weighting  coefficient  method  to  the  binary  morphological  correlation, 
will  also  increase  the  noise  robustness  as  in  the  case  of  the  standard  morphological  correlation.  The  ways  to 
determine  the  weighting  coefficients  are  similar  to  the  approaches  presented  for  the  conventional  morphological 
correlator . 


4.  COMPUTER  SIMULATIONS 


In  this  section  computer  simulations  investigating  some  of  the  approaches  suggested  in  this  paper  are  presented. 
In  addition,  tables  which  compare  cases  with  different  noise  power  levels  are  shown.  For  the  simulated  experiment, 
an  image  containing  256  grey  levels  presented  in  Fig.  4a,  was  used  as  the  reference  image.  The  noise  matrix  was 
based  on  a  uniform  distribution  noise  with  different  noise  power  levels  in  each  simulation.  Each  pixel  was  changed 
by  adding  a  noise  value  to  it  and  by  doing  so,  the  grey  level  of  that  pixel  was  changed.  This  noise  matrix  was  added 
to  the  original  image  producing  the  input  image  for  the  simulation  whose  results  are  shovm  in  Fig.  4.  The  regular 
linear  correlation,  as  depicted  in  Fig.5,6,  was  also  normalized  to  obtain  maximum  peak  value  equal  to  one.  The 
normalization  was  made  according  to  the  following  expression: 


g'<i(x,y) 


gq(x,y) 


X,Y 

Xgq(x,yy 


(10) 


where  X,Y  denotes  the  image  matrix  dimension. 

For  this  analysis  the  weighting  coefficients  were  chosen  to  be: 


C,,  =  Max[^^^ 

where  Max[pfg]  is  the  crosscorrelation  maximum  peak  value  as  defined  before. 


(11) 
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Figure  4;  (a)  Airplane  image  with  no  noise,  (b)  Airplane  image  with  SNR  equal  to  2.91 16  .(c)  Airplane  image  with 
SNR  equal  to  1 .294, 

In  order  to  compensate  for  the  energy  loss  caused  by  the  multiplication  with  the  weighting  coefficients  we 
multiplied  the  morphological  correlation  by  a  factor  defined  as: 


where  Cq  is  the  weighting  coefficient.  This  compensating  factor  is  greater  than  one  when  noise  is  applied  and  is 
equal  to  one  when  the  noise  power  reduce  to  zero. 

Tables  1  and  2  summarize  the  various  simulation  results.  Each  table  contains  values  which  represent  the  ratio 
between  the  crosscorrelation  maximum  peak  and  the  corresponding  autocorrelation  peak.  The  first  table  presents  the 
simulation  results  without  weights.  It  can  be  seen  that  the  results  are  very  good  when  regular  correlation  is  used. 
When  we  consider  the  morphological  and  the  binary  correlation  the  maximum  peak  is  less  then  50%.  The  second 
table  shows  the  results  using  the  weighting  on  each  slice.  It  can  be  seen  that  the  morphological  correlation  provides 
better  peak  than  the  regular  correlation  (92%  vs.  66%)  when  the  noise  is  not  too  strong.  This  result  shows  the 
improvement  that  the  weighting  coefficient  using  the  peak  correlation  method  can  give.  In  figure  5  and  6  some  of  the 
graphical  results  of  the  correlation  are  presented. 


o 

o 

II 

Regular 

Morphological 

Binary 

Noise  Amp  =0 

1 

1 

1 

SNR  =5.1764 

0.6592 

0.4859 

0.0583 

SNR  =  2.91 16 

0.5470 

0.3910 

0.0534 

SNR=  1.294 

0.3947 

0.2470 

0.0417 

Table  .1 :  Computer  results  when  no  weighting  was  applied. 


Coef=l/max  peak 

Regular 

Morphological 

Binary 

Noise  Amp  =0 

1 

1 

1 

SNR  =  5.1764 

0.6592 

0.9198 

0.0766 

SNR  =  2.91 16 

0.5470 

0.7951 

0.0714 

SNR=  1.294 

0.3947 

0.4641 

0.0505 

Table  .2  :  Computer  results  when  weighting  is  applied . 
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Figure  5:  (a)  Binary  correlation  without  noise,  (b)  Morphological  correlation  without  noise, 
(c)  Regular  correlation  (  Matched  filter)  without  noise. 


Figure  6:  Computer  simulations  for  SNR  =  1 .294: 

Without  weighting  -  (a)  Binary  correlation,  (b)  Morphological  correlation,  (c)  Regular  correlation 
With  weighting  *  (d)  Binary  correlation,  (e)  Morphological  correlation. 


5.  CONCLUSIONS 

In  this  paper,  two  new  approaches  for  morphological  correlation  have  been  presented  and  demonstrated:  The 
adaptive  coefficient  morphological  correlation  and  the  binary  representation  methods.  The  first  becomes  less 
sensitive  to  noise  after  using  the  weighting  coefficients  but  it  still  preserves  its  discrimination  capabilities.  In  the 
simulation  results  it  was  shown  that  the  morphological  correlation  with  adjusting  coefficients  yields  better  results  in 
compare  to  the  regular  correlation.  The  second  approach  reduces  the  computing  complexity  but  has  a  high 
discrimination  and  noise  sensitivity.  Its  performances  are  very  similar  to  the  inverse  filter  but  due  to  the  fact  that  it  is 
a  non  linear  correlation  it  is  still  sensitive  to  multiplication  by  a  constant. 
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ABSTRACT 

The  use  of  circular  harmonics  to  design  correlation  filters  represents  one  of  the  most  powerfid  approach  in  one-target 
recognition  with  in-plane  rotation  invariance.  Recognition  of  more  than  one  target  can  be  achieved,  on  the  other  hand, 
using  synthetic  discriminant  functions.  In  this  paper  we  describe  how  can  be  combined  these  two  techniques  to  design  a 
filter  which  ensures  rotation  invariant  recognition  of  multiple  targets  in  parallel.  The  usefulness  of  the  filter  is 
demonstrated,  for  the  case  of  two  targets,  by  experimental  results  obtained  from  computer  simulations. 

Keywords:  rotation  invariance,  circular  harmonics,  multiclass  pattern  recognition,  synthetic  discriminant  functions 

1.  INTRODUCTION 

Optical  pattern  recognition  has  been  long  considered  a  very  useM  tool  in  machine  vision,  robotics  and  automation. 
However,  conventional  matched  filter  (CMF)  schemes  (also  known  as  VanderLugt  correllators^  )  allow  only  shift 
invariance.  For  many  applications  it  would  be  highly  desirable  to  design  filters  that  provide  not  only  shift  invariance  but 
rotation  and  scale  invariances  as  well.  Various  approaches  have  been  proposed  to  achieve  two  invariances  simultaneously. 
One  way  to  extend  the  capabilities  of  the  CMF  so  that  one  invariant  parameter  could  be  added,  is  to  match  the  filter  to  only 
part  of  the  input  information.  This  added  parameter  could  be  in-plane  angular  orientation  of  an  object,  when  recognition  is 
obtained  by  restricting  the  correlation  to  only  a  single  harmonic  out  of  the  circular  harmonic  (CH)  decomposition^  or  scale 
variations  when  the  MF  consists  of  a  single  harmonic  out  of  the  Mellin  radial  harmonics  decomposition.^  A  common 
feature  of  the  harmonic  decomposition  (circular  or  radial)  is  that  relies  on  selecting  a  single  harmonic  associated  with  one 
of  the  orthogonal  coordinates  of  an  object.  The  harmonic  set  consists  of  {exp(im0)}  for  a  circular  harmonic  decomposition 
and  {e^q)(inln(r))}  for  a  radial  harmonic  decomposition.  In  regard  to  in-plane  rotation  invariance,  the  use  of  CHs  has  been 
shown  to  be  one  of  the  most  convenient  solution.^ 

Another  approach  to  achieve  distortion  invariant  pattern  recognition  is  based  on  synthetic  discriminant  functions  (SDFs).^ 
The  shifl-and-distortion  invariant  SDF  is  synthesised  as  a  linear  combination  of  a  basis  function  set  to  achieve  a  constant 
correlation  output  for  inrclass  images.  This  algoritlun  can  handle  any  distortion  parameters  as  rotation^  and  scale.  CMFs 
are  not  able  to  perform  multiclass  detection;  also  this  limitation  can  be  surpassed  using  SDF’s  algorithm.  In  this  paper  we 
propose  to  combine  two  algorithms:  CHs  decomposition  to  allow  rotation  invariance  and  SDFs  for  parallel  multiclass 
recognition.  The  choose  of  the  optimum  harmonic  order  for  each  class  of  objects  is  demonstrated  to  have  a  crucial 
importance  in  this  regard  Even  if  the  SDF  algorithm  is.  used  in  its  simplest  form^  the  filter  which  results  is  shown  to  be 
good  enough  for  the  case  of  two-class  detection. 

A  short  review  of  these  two  approaches  is.  presented  in  section  2  and  3  respectively.  Section  4  contains  the  description  of 
the  combined  algorithm  used  for  rotation  invariant  multiclass  recognition.  Section  5  discusses  the  results  obtained  from 
computer  simulations,  for  the  case  of  two  (Ejects  to  be  detected  in  parallel. 

2.  CIRCULAR  HARMONIC  FILTER 

Inthis  section  we  derive  the  expression  of  the  CHF  and  demonstrate  its  abiUly  to  allow  rotation  invariance.  This  filter 
belongs  to  the  class  of  filters  that  use  partial  information  from  the  target.  The  main  idea  is  to  develop  the  object  function  in 
series  of  orthogonal  fimctions  and  to  keep  only  one  harmonic.  The  filter  fiinction  is  then  calculated  following  the  classical 
procedure  of  CMF. 
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Let  us  consider  that  f(p,0)  is  the  object  function  expressed  in  polar  coordinates  and  {exp(im0)}  a  set  of  orthogonal 
functions  called  circular  harmonics.  Following  the  circular  harmonic  decomposition,  f  can  be  written: 

f(A^)  =  Lfn,(P)exp(im(9)  (1) 


where: 


1 

f,n(p)  =  ^  Jf(p,e)exp(-ime)de 


(2) 


We  denote  the  filter  fimction  to  be  calculated  by  H=Fi  (the  impulse  response  is  h=fi  (p,0)).  Using  the  harmonic 
expansion  one  gets: 


fi(P.0)  =  Zfin(P)exp(ine) 


(3) 


where  fin(p)  is  defined  in  the  same  manner  as  fm  in  eq.  (3).  Introducing  the  object  described  by  function  f  in  the  input  plane 
of  an  optical  correlator,  the  correlation  function  between  the  filter  and  the  input  can  be  written: 


R  (p- ,  0' )  =  J I  f  (p,  0)f.  *  (p  -  p’ ,  0  -  0’  )(p  -  p’  )dpd0  = 


P  ® 


=  Z  Z  J  J  (p)f  in  *  (P  -  p'  )(P  -  p' )  exp[i(m  -  n)(0  -  0’  )]dpd0 

n  m  p  © 


(4) 


where  (p',0')  identifies  the  polar  coordinates  in  the  correlation  plane.  The  corresponding  correlation  value  in  the  centre  of 
the  correlation  plane  will  be: 


Rf.f.  (0.0)  =  ZZJ  J  4(P)fin  *  (p)pexp[i(m  -  n)0]dpd0  = 

n  m  p  6 

=  ZZJ  fm(P)fin  *  (p)pdpj  exp[i(m  -  n)0]d0 


Using  the  orthogonality  of  the  set  {exp(im0)}  in  the  above  equation,  we  obtain: 
Rf.f.(0,0)  =  27iXjf„(p)f,n,*(p)pdp 


(5) 


(6) 


Let  us  now  consider  the  rotated  version  of  the  initial  object  (for  simplicity  we  consider  that  it  is  centred  on  the  origin  and 
the  angular  orientation  a  is  performed  around  this  point).  Let  denote  by  g  the  function  that  describes  the  rotated  object. 
Due  to  the  use  of  polar  coordinates,  the  relationship  between  f  and  g  can  be  easily  expressed: 

g(p,0)  =  f(p,0-a)  (7) 

Using  the  change  of  variable:  p=0-a,  the 'm'  order  in  the  circular  harmonic  expansion  of  function  g  can  be  written: 

gn,  (p)  =  J  g(P>  0)  exp(-im0)d0  =  ■;Z  |  f (p  e  _  a)  exp(-iin0)d0  = 

ZTC  Q  ZTt  Q 

1  a+2ii 

=  —  J  f  (p,  P)  exp[-im(P + a)]dp  =  exp(-ima)f„  (p) 

ZTl 


(8) 


The  corresponding  correlation  value  in  the  centre  of  the  correlation  plane  will  be: 
Rg.f,  (0.0)  =  27t^exp(-ima)J  f„(p)f,„  *  (p)pdp 


(9) 


Rotation  invariance  will  be  provided  if  the  same  correlation  values  are  provided  in  the  centre  of  the  correlation  plane  for 
functions  f  and  g: 
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(10) 


|Rf.f,(0,0)|  =  |Rg.f.(0,0)| 

If  we  take  into  account  eqs.  (6)  and  (9)  immediately  results  that  using  a  single  harmonic  the  condition  expressed  by  eq. 
(10)  is  satisfied.  This  means  that  only  a  part  of  the  information  contained  by  the  target  is  used  to  build  up  the  filter  that 
allows  rotation  invariant  pattern  recognition.  Therefore  it  is  obvious  that  the  performances  of  the  filter  will  be  reduced 
with  respect  to  those  of  CMFs.  This  is  the  cost  CHs  approach  has  to  pay  for  rotation  invariance. 

At  least  two  questions  arise  from  the  above  condition:  where  is  the  optimum  centre  to  perform  the  harmonic  circular 
decomposition  and  which  is  the  best  harmonic?.  There  were  already  reported  rigorous  methods  to  determine  the  proper 
expansion  centre.*  However  they  imply  huge  amount  of  calculus;  in  our  opinion  this  step  can  be  skipped  choosing  the 
weighting  centre  or  a  point  in  its  vicinity  to  start  the  harmonic  decomposition  with.  This  observation  has  been  raised  from 
numerous  experiments  and  discussion  with  other  researchers  working  in  this  field.  The  choice  of  the  best  harmonic 
depends,  also  in  our  opinion,  of  every  particular  application.  The  second  harmonic  seems  to  be  the  most  indicated  but  this 
does  not  represent  a  rule.  In  section  3  we  will  discuss  an  example  that  outlines  this  problem. 

3.  SYNTHETIC  DISCRIMINANT  FUNCTION 

This  section  contains  a  description  of  the  SDF  approach,  which  is  used  to  design  correlation  filters  able  to  perform 
multiclass  pattern  recognition.  For  the  case  of  distortion  invariant  pattern  recognition,  the  distorted  versions  of  the  target 
can  be  considered  to  define  different  classes.  The  filter  is  designed  then  to  match  to  a  fimction  obtained  as  a  linear 
combination  of  these  distorted  versions.  This  function  is  calculated  so  that  the  same  peak  response  will  be  obtained  for  any 
version  of  the  distorted  objea.  However,  this  algorithm  requires  a  high  number  of  training  images  to  reduce  the  filter’s 
sensitivity  to  object  distortions.  This  is  why  we  try  to  use  the  SDF  approach  in  combination  with  that  of  CH:  SDF  will  be 
used  to  build  up  a  filter  that  matches  to  a  linear  combination  of  circular  harmonics  that  belong  to  a  limited  number  of 
different  objects. 

Let  consider  a  set  {5}  of  different  object  functions  to  be  recognised.  Our  purpose  is  to  find  a  suitable  response  impulse 
fimction  h,  which  can  be  described  by: 

h=ia,f,  (11) 

i=l 

where  N  is  the  number  of  the  object  functions,  ai  is  the  appropriate  coefficient,  and  h  denotes  the  SDF.  This  function  is 
then  used  to  obtain  a  certain  type  of  CMF  (i.e.  a  phase-onfy-filter).  The  main  problem  is  to  determine  the  set  {a;}  of  the 
linear  combination  coefficients. 

We  denote  by  f  the  matrix  which  contains  all  the  object  functions  (the  objects  described  by  functions  f,  are  first  represented 
in  the  vectorial  form  fi),  and  by  a  the  colunm  vector  containing  the  coefficients  {ai}  of  the  linear  combination.  Assuming 
that  c  is  the  correlation  vector  of  all  the  imposed  values  {Ci}  for  the  correlation  peaks  (e.g.  Ci  is  the  value  of  the  correlation 
peak  obtained  from  the  correlation  between  the  impulse  response  h  and  the  object  function  fi),  it  can  be  written: 

c  =  rh  (12) 

where  (*  represents  the  transpose  of  the  complex  conjugate. 

(Combining  eqs  (11)  and  (12)  we  obtain; 

h  =  f(f^f)''c  (13) 

From  the  above  equation  one  can  see  that  the  coefficients  set  {ai}  of  the  linear  combination  are  determined  by  the  cross¬ 
correlations  between  every  pair  of  objects  and  the  correlation  vector  c. 

SDF  has  to  pay  a  cost  for  multiclass  detection.  For  CMF,  when  the  correct  image  is  present  at  the  input,  the  ouq)ut  of  the 
correlator  is  the  autoorrelation  function.  Thus  locating  an  image  with  its  CMF  is  simple,  since  the  peak  of  the 
autocorrelation  is  easy  to  identify.  However  the  SDF  filters  lack  a  sharp  correlation  peak,  since  the  input  image  cross¬ 
correlates  with  all  images  in  the  training  set.  This  often  produces  sidelobes  of  high  intensity  and  degrades  correlation 
planp  peak-to-sideld)e  and  peak-to-correlation  energy  ratios.  To  avoid  this  problem,  minimum  average  correlation  filters 
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have  been  proposed’  These  filters  minimise  the  average  correlation  plane  energy  as  the  first  step  in  filter  synthesis.  In  an 
attempt  to  optimise  the  signal-to-noise  ratio,  a  SDF  with  minimum  variance  has  been  also  introduced.^ 


4.  Ce-SDF  FILTER  SYNTHESIS 

The  use  of  CHs  has  been  proved  to  be  veiy  useful  to  design  correlation  filters  that  ensure  rotation  invariance.  The  main 
advantage  of  this  approach  is  that  it  does  not  need  a  training  set  of  images  to  start  the  algorithm.  In  consequence,  the  filter 
fiuiction  is  quite  easy  to  be  calculated.  Rotation  invariance  can  be  also  achieved  using  SDF,  but  this  method  requires  a 
large  set  of  training  images  to  obtain  performances  comparable  with  CH  filter.  The  training  set  should  contain  a  lot  of 
rotated  samples  of  the  target  to  ensure  a  ‘fine  tuning’  of  the  rotation  invariance.  This  leads  to  a  huge  amount  of  calculus  to 
calculate  the  filter  fimction.  On  the  other  hand,  if  there  is  a  limited  number  of  images,  SDF  can  be  successfully  used  to 
perform  multiclass  pattern  recognition.  We  suggest  to  combine  the  two  techniques  mentioned  above  to  design  a  filter 
which  provides  rotation  invariant  pattern  recognition  for  a  limited  number  of  images  (targets).  The  filter  that  results  is 
called  CH-SDF  filter. 

The  algorithm  includes  the  following  steps: 

•  C!artesian  to  polar  coordinates  transform  for  each  image  of  the  training  set 

•  the  circular  harmonic  decomposition  for  each  image 

•  select  the  most  representative  harmonic  for  each  image 

•  establish  the  images  to  be  detected  from  the  training  set 

•  set  the  values  of  the  correlation  vector  (1-  for  objects  to  be  detected,  0-  otherwise) 

•  compute  the  filter  function  using  the  SDF 

•  extract  only  the  phase 

Once  the  filler  function  being  calculated,  follows  the  evaluation  step  in  correlator.  Note  that,  if  the  correlation  signals 
differ  from  those  expected,  some  parameters  of  the  algorithm  specified  above  should  be  changed.  The  third  and  fifth  step 
of  the  algorithm  are  the  most  important  in  this  regard.  The  choose  of  the  most  representative  harmnnir  depends  on  the 
particularities  of  the  images  in  the  training  set  and  therefore  there  is  very  difficult  to  predict  from  the  beginning  the  best 
harmonic.  CH-SDF  filter  obtained  from  the  above  algorithm  is  a  phase-oidy-filier  (POF)  because  phase  extraction  provides 
sharper  correlation  peaks.  Nevertheless,  if  we  adopt  POF,  the  correlator  does  not  possess  the  same  peak  response  for  the 
inputs  belonging  to  the  training  set  Therefore  the  coefficients  in  eq.  (11)  should  be  modified  for  the  POF  version.  This 
implies  a  modification  of  the  correlation  vector. 

5.  EXPERIMENTAL  RESULTS 

For  an  evaluation  of  the  performances  of  CH,  SDF  and  CH-SDF  filters  we  have  considered  a  three-class  problem.  The 
objects  of  interest  are  depicted  in  figure  I:  ‘wrench’,  ‘screw’  and  ‘nut’.  Each  image  is  then  inserted  in  a  matrix  of  256x256 
pixels. 
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First,  we  have  designed  the  CH  and  SDF  filters  matching  to  tha  wrench.  To  build  up  the  CH  filter,  the  second  harmonic 
has  been  used.  For  the  SDF  filter  we  have  established  a  set  of  three  images  according  to  the  angular  orientation  of  the 
wrench:  0°,  +40°,  and  -40°.  A  set  of  19  images,  having  different  angular  orientations,  has  been  prepared  for  each  class 
(the  range  of  the  rotation:  [-90°,  +90°],  sampled  at  every  10°).  Each  image  has  been  introduced  in  the  input  of  the 
correlator  and  spatial  filtering  has  been  performed  with  the  two  above  mentioned  filters.  The  corresponding  performance 
of  the  two  filters  has  been  evaluated  using  the  criterion  of  the  ‘correlation  peak  Intensity’  Teak-to-correlation  energy’ 
product  (IP)  and  is  depicted  in  figure  2. 


Figure  2  PI  (‘corellation  peak  intensity’  x  ‘peak-to-correlation  energy’)  versus  the  rotation  angle 


One  can  see  that  CH  filter  allows  the  correct  detection  of  the  target  (wrench)  for  all  angular  orientations.  A  threshold 
situated  between  20%  and  63%  will  remove  the  signals  belonging  to  the  ‘nut’  and  ‘screw’.  The  correlations  with  SDF 
filter  can  not  be  used  to  perform  rotation  invariant  pattern  recognition.  Even  for  the  versions  considered  to  build  up  the 
SDF  filter  the  level  of  the  signals  are  very  low  (only  20%  of  the  case  without  rotation).  However  this  does  not  mean  that 
SDF  can  not  provide  rotation  invariance;  we  have  to  evaluate  again  the  correlation  vector  considering  much  more  samples 
(at  least  19)  and  this  leads  to  a  huge  amount  of  calculus. 

The  use  of  CH  filter  also  provides  information  about  the  angular  orientation  of  the  object.  This  information  is  very 
important  in  maity  applications  where  a  robot  has  to  handle  a  certain  object  after  detection.  This  property  of  the  CH  filter 
is  illustrated  in  figure  3  (a,b,c).  Figure  3-a  contains  the  input  scene,  figure  3-b  the  intensity  distribution  in  the  correlation 
plane,  and  figure  3-c  the  intensity  distribution  after  a  50%  thresholding.  Thus,  not  only  the  presence  of  the  wrench  but  also 
its  orientation  is  accessible. 
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Figure  3  Detection  of  the  angular  orientation  of  the  wrench 
a)  Input  scene;  b)  Intensity  distribution  in  the  correlation  plane;  c)  Intensity  distribution  after  50%  thresholding 


Following  the  algorithm  described  in  section  4,  we  have  calculated  the  CH-SDF  filter.  The  objects  to  be  detected  are: 
‘wrench’  and  ‘screw’.  To  evaluate  the  performance  of  CH-SDF  filter  we  have  used  the  criterion  of  ‘correlation  peak 
Intensity’  (I).  The  choose  of  the  proper  harmonic  order  from  the  circular  harmonic  decomposition  of  each  object  plays  a 
crucial  role  in  this  case.  Using  the  second  harmonic  for  ‘wrench’  and  ‘nut’  and  the  third  harmonic  for  ‘screw’  we  have 
obtained  much  more  useful  correlation  signals  than  using  the  second  harmonic  for  all  the  three  objects. 


Figure  4  Correlation  peaks  intensity  versus  the  rotation  angle  (w2s3n2-  second  harmonic  for  ‘wrench’  and  ‘nut’  and  third 
harmonic  for  ‘screw’,  w2s2n2-  second  harmonic  for  all  the  three  objects) 


The  results  are  depicted  in  figure  4.  The  intensities  of  the  correlation  peaks  are  higher  than  52%  from  the  maximum 
intensity  for  ‘wrench’  and  ‘screw’  as  well,  while  those  corresponding  to  the  ‘nut’  are  lower  than  47%.  Even  if  the 
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discrimination  interval  is  quite  tight,  a  50%  threshold  still  allows  the  localisation  of  the  two  objects  of  interest.  For  the 
case  when  the  second  harmonic  has  been  used  for  all  the  three  objects,  the  signals  corresponding  to  ‘screw’  and  ‘nut’  are 
too  close  and  therefore  th^  can  be  confounded. 

An  example  of  two  objects  detection,  independent  of  the  angular  orientation,  is  depicted  in  figure  5,  The  objects  are 
introduced  in  the  input  scene  shown  in  figure  5a  (the  objects  of  interest  are  indicated  by  arrows).  The  intensity  distribution 
in  the  correlation  plane  is  represented  in  figure  5b.  Figure  5c  represents  the  intensity  distribution  after  a  50%  thresholding. 


a)  b)  c) 

Figure  5  Two-class  rotation  invariant  pattern  recognition 
a)  Input  scene;  b)  Intensity  distribution  in  the  correlation  plane;  c)  Intensity  distribution  after  50%  thresholding 

6.CONCLUSIONS 

In  this  paper  we  present  some  results  obtained  from  the  use  of  two  different  approaches;  circular  harmonics  and  synthetic 
discriminant  fimctions,  for  rotation  invariant  pattern  recognition.  It  is  shown  that  for  the  case  of  only  one  object,  circular 
harmonics  represents  the  most  convenient  solution  to  ensure  rotation  invariance.  In  this  case  we  show  that  CH  filter  can 
provide  also  the  angular  orientation  of  the  object.  This  represents  an  important  advantage  in  robotics  because  allows  the 
robot  with  information  it  needs  to  handle  the  object  after  detection.  Synthetic  discriminant  fimctions  approach  is,  on  the 
other  hand,  very  usefiil  for  multiclass  parallel  detection.  Therefore  we  suggest  to  combine  the  two  approaches  mentioned 
above:  circular  harmonics  for  rotation  invariance  and  synthetic  discriminant  fimctions  for  multiclass  detection.  The  filter 
which  results  is  called  CH-SDF  filter.  The  ability  of  this  filter  to  perform  rotation  invariant  detection  for  two  objects  in 
parallel  is  demonstrated  by  experimental  results  obtained  from  computer  simulations.  The  range  of  the  angular  orientation 
is  [-90°,  +90°]. 
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Abstract 

Light-induced  charge  gratings  at  the  surface  of  a  photorefractive  Bii2Si02o  crystal  are  investigated 
using  electrostatic  force  detection  with  an  atomic  force  microscope.  The  gratings  with  periods  of  2.7 
pm  and  0.22  pm  are  generated  by  two  intersecting  Ar'^-laser  beams  at  514  nm.  The  dark  decay  times 
of  the  stored  gratings  are  determined.  Saturation  processes  are  directly  observed  by  a  change  of  the 
profile  of  the  charge  gratings.  The  polarity  of  the  charge  carriers  in  the  material  is  obtained  using  a 
simultaneous  measurement  of  the  light-intensity  grating. 

Keywords:  AFM,  surface  charge  detection,  photorefractivity,  Bii2Si02o 


Introduction 

The  photorefractive  effect  which  shows  a  rich  nonlinear  behavior  at  low  light  intensities,  offers 
an  important  potential  in  optical  information  processing  and  storage.*  Increasingly,  photorefractive 
phenomena  are  investigated  and  exploited  in  quantum  weUs,  thin  film  structures,  and  fibers.^  A 
surface-specific  study  of  the  optical  recording  and  erasing  phenomena  therefore  becomes  necessary 
and  important.  In  the  conventional  methods  of  investigation  light  is  used  to  probe  the  light-induced 
refractive-index  gratings  in  the  material.  UsuaUy  averages  over  large  volumes  are  taken  and,  as  a 
consequence,  bulk  phenomena  cannot  be  separated  from  surface  phenomena. 

It  is  well  known  that  scanning  probe  microscopy  allows  the  investigation  of  a  large  variety  of 
different  surface  effects.  Using  electrostatic  force  microscopy,^  charges  on  insulating  surfaces  can  be 
investigated  with  a  sensitivity  sufficient  for  single-electron  detection.'^  This  method  is  ideal  for  the 
study  of  light-induced  charge  distributions  on  photorefractive  materials.  In  addition,  the  possibility  of 
detecting  evanescent  light  fields  with  the  AFM,^  allows  a  determination  of  the  phase  shift  between 
the  light-intensity  grating  and  the  charge  grating  generated  by  it. 

A  first  recording  of  a  charge  grating  on  BaTiOs  was  recently  reported.®  In  detailed  experiments 
we  studied  charge  gratings  in  Bii2SiO20  (BSO)  and  BaTi03,  and  compared  the  photorefractive 
parameters  obtained  from  these  measurements.^ 

The  aim  of  this  paper  is  to  demonstrate  the  numerous  possibilities  of  electrostatic  force 
imaging  for  the  study  of  photorefractivity.  The  photorefractive  material  chosen  is  BSO.  The  dark 
decay  of  stored  gratings  is  studied  by  measurements  of  the  amplitude  of  the  charge  gratings.  Grating 
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profiles  recorded  at  different  writing  fluences,  directly  show  the  effects  of  saturation.  The  polarity  of 
the  charge  carriers  is  determined. 


Experimental  Setup 

The  optical  setup  for  the  generation  of  charge  gratings  in  the  BSO  crystal  is  shown  in  Fig.l. 
An  argon- ion  laser  at  X  =  514  nm  is  used.  This  wavelength  excites  photocarriers  in  the  material  very 
efficiently.  The  beam  path  was  adjusted  to  provide  interference  patterns  with  maximum  contrast  and 
fringe  spacings  between  1.5  pm  and  3  pm.  In  order  to  obtain  a  smaller  fringe  spacing  of  »0.2  pm  an 
additional  mirror  M  is  used  for  backreflection.  The  mirror  M2  can  be  shifted  with  the  help  of  a 
piezoelectric  transducer  in  order  to  move  the  grating  across  the  crystal.  The  polarisation  direction  is 
parallel  to  the  plane  of  incidence.  The  BSO  crystal  (undoped,  size  7x8x2  mm^,  cut  in  transverse 
configuration)  is  optically  contacted  to  a  BK7  prism  as  shown  in  Fig.  1(b). 


(b) 


Fig.l  (a)  Optical  setup  for  the  generation  of  charge  gratings  in  a  photorefractive 
sample  (Ml,  M2  =  mirrors,  M  =  rational  mirror,  BS  =  beamsplitter,  VA  =  variable 
attenuator),  (b)  Enlarged  view  of  the  total-intemal-reflection  geometry. 


In  atomic  force  microscopy  a  fine  tip  attached  to  a  tiny  cantilever  is  approached  to  a  sample 
with  the  help  of  a  piezodrive.  The  force  between  tip  and  sample  is  detected  by  measuring  the  bending 
of  the  cantilever.  An  image  of  the  sample  surface  is  obtained  by  scanning  the  tip  over  the  sample 
while  keeping  the  interaction  force  constant. 
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Sample 


Fig.2  Experimental  setup  for  the  measurement  of  electrostatic  forces  (charge  signal  and 
evanescent  field  signal)  with  the  atomic  force  microscope. 

The  experimental  setup  for  the  measurement  of  electrostatic  forces  with  our  home-built  AFM 
is  shown  in  Fig.2.  The  bending  of  the  cantilever  is  detected  with  a  laser  beam  (X  =  670  nm)  which  is 
reflected  from  the  cantilever  and  falls  on  a  position-sensitive  detector.  Since  this  laser  radiation  can 
also  erase  the  charge  gratings,  the  back  of  the  silicon  cantilever  is  covered  with  an  aluminium  layer  of 
60  nm  thickness.  In  addition,  the  laser  focus  which  is  smaller  than  the  width  of  the  cantilever  of  30 
pm,  is  positioned  at  a  distance  of  *»50  pm  from  the  tip.  These  precautions  avoided  any  measurable 
effects  of  the  sensor  laser  radiation  on  the  stored  charge  gratings  in  the  scanned  area  of  the  BSO 
crystal. 

The  AFM  is  operated  in  the  non-contact  mode  at  a  tip-sample  distance  of  10  nm.  The 
cantilever  is  excited  at  its  resonance  frequency  (coi  »  60  kHz)  by  a  piezoelectric  transducer  and  the 
oscillation  amplitude,  which  is  proportional  to  the  force  gradient,  is  measured  by  lock-in  amplifier  1. 
A  feedback  module  maintains  a  constant  amplitude.  Scanning  the  surface  with  a  piezotube  and 
recording  the  feedback  signal  leads  to  a  constant-force-gradient  map  (“topography”). 

For  charge  detection  a  dc  bias  voltage  and  a  low  frequency  signal  (Vo  =  2.5  V,  co^  =  2  kHz)  are 
applied  to  the  conducting  tip.  The  force  between  the  surface  charge  and  this  periodically  induced 
charge  in  the  tip  is  measured  with  lock-in  amplifier  2  at  frequency  tOj.  The  phase  of  this  lock-in 
amplifier  is  set  to  give  a  positive  output  signal  (bright  area  in  the  image)  when  the  tip  is  above  a 
negative  surface  charge,  and  a  negative  output  signal  (dark  area)  for  a  positive  charge.  This 
adjustment  was  controlled  using  small  charged  surface  areas  produced  by  applying  voltage  pulses  of 
typically  10  V,  20  ms  of  both  polarities  to  the  tip  (corona  discharge).  In  this  way  charge  images  are 
obtained,  with  bright  areas  corresponding  to  electron  accumulation  domains.  A  charge  image  and  a 
topography  are  acquired  simultaneously. 

Since  the  front  end  of  the  tip  has  a  distance  of  only  10  nm  from  the  sample  it  is  immersed  in  the 
evanescent  field  of  the  writing  beams.  This  field  is  detected  via  the  surface-photovoltage  effect  in  the 
silicon  tip,  i.e.  the  separation  of  excited  photocarriers  in  the  space-charge  region  near  the  surface.^  ® 
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The  additional  surface  charges  give  rise  to  an  electrostatic  force  which  is  measured  by  chopping  the 
writing  beams  at  a  frequency  a>}  =  800  Hz  and  using  a  third  lock-in  amplifier.  For  a  simultaneous 
measurement  of  the  evanescent  field  and  the  charge  field  the  tip  remains  fixed  at  a  crystal  position 
and  the  light  grating  is  moved  across  the  crystal.  Alternatively,  we  have  scanned  the  complete 
cantilever  -  and  -  force  sensor  assembly  with  additional  piezoelectric  transducers. 

The  AFM  and  the  optical  setup  are  fixed  on  a  vibrationaUy  isolated  table  inside  a  light-tight 
box.  The  laser  radiation  is  coupled  into  the  system  using  an  optical  fiber.  In  order  to  lower  the 
humidity  in  the  box,  it  is  flooded  with  dry  nitrogen. 


Experimental  Results  and  Discussion 

In  Fig.3  we  show  a  charge  image  (left)  and  a  surface  topography  (right)  of  the  BSO  crystal 
which  were  simultaneously  obtained.  The  image  size  is  5  pm  x  5  pm.  The  topographical  image 
shows  scratches  in  various  directions  which  are  caused  by  the  polishing  process.  The  maximum 
depth  of  these  scratches  is  5  nm.  In  order  to  demonstrate  the  capabilities  of  electrostatic  force 
imaging,  two  superimposed  charge  gratings  were  written  into  the  material. 


Fig.3  Electrostatic  force  image  (left)  and  simultaneously  recorded  topography  (right)  of  a 
BSO  crystal.  The  image  size  is  5  pm  x  5  |jm  and  the  acquisition  time  was  8  minutes. 


The  two  charge  gratings  are  clearly  observed  in  the  left  image.  The  two  vertical  grating  lines 
have  the  expected  fringe  spacing  of  2.7  pm,  and  the  horizontal  lines  have  a  distance  of  only  0.22  pm. 
The  bright  spot  in  the  center  of  the  image  is  caused  by  the  AFM  tip  which  -  during  the  writing 
process  -  remains  at  this  position  in  the  evanescent  field,  and  locally  reduces  the  field  in  the  crystal  by 
frustrated  total  internal  reflection. 

The  grainy  structure  of  the  charge  image  is  only  partly  due  to  noise.  As  observed  in  many 
images,  it  is  connected  with  crystal  inhomogeneities.  Some  of  these  charge  structures  were  found  to 
correlate  with  topographical  features  like  adsorbed  particles  or  scratches.  Some  may  have  its  origin 
in  crystal  inhomogeneities  close  to  the  surface. 
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Fig.4  (left)  Three  images  of  the  same  charge  grating  at  different  times  after  the 
recording  process.  (Image  size  8  pm  x  2.6  pm.  A  slight  drift  is  noticeable  between  the 
images),  (right)  Plot  of  the  electrostatic  force  amplitude  of  the  charge  grating  as  a 
function  of  time.  The  data  points  a,  b,  c  were  obtained  from  the  corresponding  images  on 
the  left. 

The  most  outstanding  properties  of  electrostatic  force  imaging  are  the  high  lateral  resolution 
and  the  surface  specificity.  From  measurements  of  the  distance  dependence  of  the  electrostatic  force 
we  estimate  that  charges  can  be  observed  with  the  AFM  up  to  a  depth  of  »10  nm.  Therefore  the 
values  of  crystal  parameters  obtained  by  a  force  measurement  are  actually  surface  values,  in  contrast 
to  the  bulk  values  which  are  measured  by  the  conventional  optical  methods.  These  surface  values 
may  differ  from  the  bulk  values  due  to  adsorbed  layers,  diffused  particles  and  the  effects  of  surface 
preparation. 

The  lateral  resolution  of  the  charge  detection  is  given  by  the  radius  of  curvature  of  the  tip.'* 
New  tips  have  a  radius  of  “10  nm.  This  value  increases  by  frequent  use  of  the  tips.  A  lateral 
resolution  of  a  few  10  nm  is  therefore  easily  obtained. 

Measurements  of  the  amplitude  of  the  charge  gratings  can  be  used  to  study  the  process  of 
recording  and  erasure.  This  is  demonstrated  in  Fig.4  where  we  show  a  measurement  of  the  dark 
decay  of  a  charge  grating.  A  grating  with  a  fringe  spacing  of  2.7  pm  was  recorded  in  the  crystal 
using  a  laser  intensity  of  135  mW/cm^  in  each  beam  and  a  recording  time  of  2  seconds.  Immediately 
afterwards  a  series  of  charge  images  were  acquired  at  fixed  time  intervals.  Three  of  these  images  are 
shown  on  the  left  of  Fig.4.  On  the  right  we  have  plotted  the  amplitude  of  the  charge  gratings  as 
obtained  from  averaged  line  scans,  versus  time.  The  images  on  the  left  correspond  to  the  data  points 
identified  by  a,  b,  c.  The  solid  line  is  a  double-exponential  decay  curve  fitted  to  the  data  points.  The 
decay  times  obtained  are  ti  =  23  min  and  t2  =  450  min.  These  times  were  found  to  grow  with  the 
time  the  sample  was  kept  in  dry  nitrogen.  The  above  values  correspond  to  an  exposure  time  of  two 
weeks.  A  double  exponential  decay  is  often  found  in  photorefractive  materials.  It  is  related  to  a  two- 
species  model  of  donors  and  acceptors.’ 

Similarly,  saturation  processes  are  studied  by  measuring  the  amplitude  of  the  charge  grating 
versus  the  writing  fluence.^  The  effects  of  saturation  can,  however,  also  be  directly  observed  as  a 
change  of  the  shape  of  the  grating.  This  is  shown  in  Fig. 5.  On  the  left,  three  images  of  charge 
gratings  are  displayed,  written  at  different  laser  intensities  during  a  time  interval  of  100  ms.  Averaged 
line  scans  obtained  from  the  images  are  shown  in  the  right.  A  sinusoidal  line  shape  -  as  expected 
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Fig.5  (left)  Electrostatic  force  images  for  different  laser  intensities  with  an  exposure  time 
of  100  ms.  Each  image  size  is  8  pm  x  2.6  pm.  (right)  Averaged  line  scans  of  the 
corresponding  images. 

for  the  linear  regime  -  is  only  observed  at  the  smallest  laser  intensity  of  1.35  mW/cm^  The  gratings 
at  higher  intensities  show  profiles  typical  for  saturation. 

In  a  final  example  we  make  use  of  the  fact  that  electrostatic  force  imaging  allows  us  to 
distinguish  between  positive  and  negative  charges.  Using  a  simultaneous  measurement  of  the 
evanescent  field  of  the  writing  beams  and  of  the  light-induced  charge  grating  generated,  it  becomes 
possible  to  determine  the  polarity  of  the  charge  carriers  excited  in  the  BSO  crystal.  This 
measurement  was  done  by  moving  the  light  grating  past  the  tip  which  remains  at  a  fixed  position.  To 
obtain  a  static  value  for  the  phase  shift  between  the  light  grating  and  the  charge  grating  the  grating 
velocity  has  to  be  so  small  that  the  measured  phase  shift  becomes  independent  of  the  grating 
velocity. 


Fig.6  Simultaneous  measurement  of  the  charge  signal  (dotted  line)  and  the  evanescent- 
field  signal  (solid  line)  as  a  function  of  time.  A  voltage  ramp  applied  to  the  piezo  of 
mirror  2  moves  the  light  grating  across  the  crystal. 
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The  results  of  the  experiment  are  shown  in  Fig.6.  The  electrostatic  force  signals  due  to  the 
evanescent  field  and  to  the  charge  are  plotted  versus  the  time.  A  voltage  ramp  moves  the  grating  at  a 
velocity  corresponding  to  1  fringe  in  4  s.  The  resulting  phase  shift  between  the  two  gratings  is  (9  ± 
3)°.  This  value  did  not  change  when  the  grating  velocity  was  increased  by  a  factor  of  4.  From  Fig.6 
we  conclude  that  negative  charges  (corresponding  to  positive  charge  signals)  accumulate  at  the 
darker  grating  lines,  i.e.  the  charge  carriers  excited  in  the  BSO  crystal  used  for  the  measurements, 
are  predominantly  electrons.  This  was  also  found  for  other  BSO  crystals  in  bulk  experiments. " 


Conclusions 

Light-induced  charge  gratings  in  a  BSO  crystal  were  studied  using  electrostatic  force 
microscopy.  The  amplitude,  the  shape,  the  polarity,  and  the  relative  phase  of  the  grating  lines  were 
evaluated  in  order  to  obtain  data  on  the  polarity,  the  generation,  the  transport,  and  the  recombination 
of  the  photocarriers  in  the  material.  Owing  to  the  high  lateral  resolution,  electrostatic  force  imaging 
allows  to  detect  crystal  inhomogeneities  and  to  study  their  photorefractive  properties.  The  extreme 
surface  specificity  makes  this  method  especially  suitable  for  the  study  of  thin  photorefractive  films. 
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ABSTRACT 

The  bistability  that  we  are  describing  results  from  designing  properly  the  cavity  of  a  Distributed  Bragg  Reflector 
PBR)  laser  realized  with  an  external  fiber  grating  and  is  based  on  longitudinal  mode  competition.  The  analysis  of  the 
output  power  bistability  is  done  with  a  simulation  of  the  static  behavior  of  the  laser.  An  accurate  and  fast  computing 
algorithm  has  been  implemented  to  solve  the  steady  state  rate  equations  for  photon  and  carrier  density.  The  used  model  is 
based  on  multimode  analysis  and  includes  gain  saturation. 

Keywords:  bistability,  DBR,  external  cavity,  fiber  grating,  mode  competition,  semiconductor  lasers 

1.  mTRODUCTION 

Optical  bistability  is  a  very  interesting  phenomenon  for  applications  in  the  field  of  optical  switching  devices.  These 
are  important  for  the  evolution  of  high  speed  optical  signal  processing  and  optical  communications.  The  bistable  devices 
based  on  laser  diode  nonlinearities  have  the  advantage  of  the  optical  gain  that  permit  low  input  switching  power,  high  on- 
off  ratio  and  large  fan-out. 

There  are  three  main  types  of  bistable  effects  in  the  output  characteristics  of  a  laser  diode;  these  are  related  with 
changes  in  polarization,  in  wavelength  and  in  optical  output  power.  There  are  also  three  types  of  input  control  signals: 
optical,  electrical  and  a  combination  of  them.  An  overview  description  of  the  nonlinear  mechanisms  and  structures  with 
bistable  characteristics  can  be  found  in  the  literature.'’  ^ 

In  our  paper  we  present  theoretical  results  for  the  optical  output  power  bistability  in  a  short  external  cavity  DBR 
semiconductor  laser  realized  using  a  fiber  grating.  The  cavity  was  designed  to  obtain  longitudinal  mode  switching  with  the 
increase  of  the  injection  current;  this  is  obtained  when  the  spectral  reflectivity  of  the  Bragg  reflector  overlaps  just  one 
longitudinal  cavity  mode.  Variations  in  the  injection  current  determine  changes  in  the  mode  wavelength  permitting  to  turn 
off  and  on  the  laser  diode.  There  are  a  few  mechanisms  operating  together  to  make  this  behavior  possible.  Increasing  the 
injection  current  the  carrier  density  changes  mainly  for  gain  saturation  effects;  it  results  a  variation  of  the  effective 
refractive  index  and  of  the  cavity  resonance  wavelengths.  This  effect  in  a  DBR  with  a  properly  designed  grating  reflectivity 
allows  bistability  as  already  experimentally  observed  and  described  for  an  integrated  two  section  DBR  structure  without 
external  cavity.^ 

The  continuous  wave  laser  characteristics  have  been  obtained  using  a  multiple  longitudinal  mode  approach. 

2.  THEORETICAL  MODEL  OF  THE  STRUCTURE 

The  cavity  we  have  considered  is  presented  in  Fig.  1.  The  left  facet  of  the  active  wave^de  is  covered  with  a  High 
Reflectivity  Coating  (HRC)  while  the  right  one  with  an  AntiReflection  Coating  (ARC). 


^  Lactive  ^ 

^  Lair  ^  ^  Lfiber 

4  Lgrating  ^ 

I 

c 

RhRC  RaRC  Rfiber  k 


Fig.  1  Structure  of  the  investigated  external  cavity  DBR  laser; 
M,  reference  section  for  cavity  effective  reflectivity 
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To  describe  the  steady  state  behavior  of  such  a  laser  we  used  a  mean  field  multimode  rate  equations  approach.^ 
This  is  based  on  the  equations  (  1  ),  (  2  )  written  as  for  a  usual  Fabry  Perot  (FP)  laser  but  with  the  assumption  of  a 
wavelength  dependent  reflectivity, 
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The  material  gain  expression  for  each  mode  (^,)  is  given  by, 
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where  we  have  considered  logarithmic  dependence  with  the  carrier  density  N  and  parabolic  dependence  with  the  wavelength 
while  the  gain  saturation  effect  is  represented  with  the  self  saturation  factor  (l+eSJ’’-,  cross  saturation  terms  have  not  been 
considered  because  the  described  laser  behavior  is  mainly  determined  by  selfsaturation.  Other  symbols  are  defined  in 
Table  1. 

The  model  considered  for  the  change  in  the  refractive  index  due  to  the  carrier  density  was  assumed  of  the  form, 


“pff  =n«tiv. +nN  TN  ,  (4) 

where  is  the  coefficient  for  the  carrier  induced  refractive  index  change. 

The  analysis  of  the  structure  takes  into  account  the  residual  reflectivity  of  the  ARC  at  the  fiber  tip  as  well  as  the 
coupling  losses  between  the  laser  and  the  fiber.  For  this  reason  all  the  parts  of  the  structure  have  been  characterized  with 
their  proper  transmission  matrix. 

The  modal  light  powers  at  the  fiber  output  have  been  obtained  from  the  modal  photon  densities  in  the  active  region 
by  evaluating  the  total  821  coefficient  of  the  structure  from  the  active  waveguide  to  the  output  of  the  grating, 


R,= 
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2  dw 


(5) 


In  the  presented  case  we  neglected  the  effect  of  the  unwanted  residual  multiple  reflections  inside  the  external 


cavity. 


Table  1  List  of  the  symbols  used  in  the  equations 


K 

modal  spontaneous  emission  factor 

d 

active  layer  thickness 

€ 

gain  saturation  coefficient 

nonlinear  material  gain 

Go 

gain  fitting  parameter 

Yo 

gain  curvature 

r 

modal  confinement  factor 

j 

injected  current  density 

modal  wavelength 

XpO 

gain’s  peak  wavelength  “without  injection” 

derivative  of  gain  peak  wavelength  with  N 

n.ff,  rtg 

effective  and  group  refractive  index 

ns 

coefficient  for  the  carrier  induced  change 
of  the  refractive  index 

N 

carrier  density 

carrier  density  at  transparency 

^ARCeff 

modal  effective  power  reflectivity  at  the 
right  part  of  the  M  section  (external 
cavity) 

Rhrc 

modal  power  reflectivity  of  the  HRC 

s„ 

modal  photon  density 

r„ 

modal  photon  lifetime 

Ts 

carrier  lifetime 

w 

active  layer  width 

^eftARC 

effective  reflectivity  coefficient’  phases  to 

^ri^htARC 

the  left  and  right  of  the  M  section 
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3.  NUMERICAL  ANALYSIS 

To  determine  the  main  static  characteristics  one  must  solve  selfconsistently  the  carrier  and  photon  density 
equations  with  the  longitudinal  cavity  resonance  equation;  the  last  allows  to  determine  the  longitudinal  mode  wavelengths. 
The  most  natural  numerical  procedure  consists  in  setting  the  value  of  the  injection  current  density  J  and  in  finding  the 
carrier  density  and  the  modal  photon  densities  using  an  iterative  method.  In  this  case  for  each  iteration  is  necessary  to 
evaluate  the  wavelengths  of  the  lasing  modes;  we  found  this  approach  inefficient  due  to  the  repeated  evaluation  of  the 
resonant  wavelengths  and  with  a  lot  of  convergence  problems. 

We  found  more  efficiently  an  algorithm  that  set  the  value  of  N  and  finds  the  current 
density  and  all  the  other  parameters,  as  shown  in  Fig.  2.'*  This  procedure  has  the  advantage  to 
need  only  once,  for  each  value,  the  computation  of  the  resonant  wavelengths  and  the 
selfconsistent  solution  for  J  and  S„.  With  the  assumed  value  for  the  carrier  density  the  active’s 
effective  refractive  index  is  computed  using  ( 4 );  the  lasing  wavelengths  are  found  numerically 
solving  the  resonance  phase  equation  for  the  multiple  cavity  structure, 

‘I’ltSARcM'^'t’rigiiiARc meZ  . 

The  search  to  find  all  the  existing  solutions,  in  a  given  wavelength  interval, 
determines  first,  with  a  quite  complex  algorithm,  the  subintervals  in  which  each  solution  is 
located  and  then  proceeds  to  its  accurate  evaluation.  The  obtained  operation  wavelength  of  each 
mode  allows  to  determine  the  corresponding  photon  lifetime;  the  values  for  and  J,  just  for 
the  physical  solution,  are  found  through  the  analytical  solution  of  the  photons  ( 2  )  and  carriers 
(  1  )  rate  equations.  The  output  power  for  each  mode  is  then  obtained  with  (  5  ).  We  found  this  method  very  stable  and 
accurate  for  all  the  considered  structures. 


N  =  i  AN 
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=  f(N) 

s 

♦  ♦ 

I  p 

Fig.  2 
Algorithm 


4.  SIMULATION  RESULTS 

In  order  to  obtain  the  desired  bistable  behavior  we  consider  a  cavity  with  a  Free  Spectral  Range  (FSR)  greater  than 
the  grating’s  Stop  Band  (SB).  In  our  simulation  we  have  considered  two  cases:  SB  almost  equal  to  the  FSR  and  SB  much 
smaller  than  the  FSR.  We  discuss  in  detail  the  first  case  while  we  report  only  the  results  for  the  second. 

In  Table  2  we  present  the  most  important  characteristics  of  the  structure  in  the  first  considered  case.  The  total 
output  optical  power  in  fiber  and  the  carrier  density  curves  versus  the  injected  current,  at  the  constant  temperature  of  300K, 
have  been  reported  in  Fig.  3  and  Fig.  4.  In  Fig.  6  we  report  the  effective  power  reflectivity  at  the  right  end  of  the  active 
section  versus  wavelength.  The  mode  1 A  is  the  fundamental  one  and  it  is  lasing  above  the  threshold  current  while  mode  2A, 
the  following  longitudinal  mode,  is  below  threshold.  Increasing  the  injected  current  the  cavity  modal  wavelengths  are 
moving  to  the  left  with  respect  to  the  reflectivity  peak  because  of  the  change  in  the  refractive  index  of  the  active  region  as  a 
consequence  of  the  increased  carrier  density  due  to  the  gain  saturation.  The  device  is  designed  such  that  the  reflectivity  of 
mode  1  is  falling  down  while  that  of  mode  2  is  rising.  This  wavelength  shift  (Fig.  6)  with  a  corresponding  jump  in  the 
carrier  density  (Fig.  4)  determines  the  bistable  behavior  shown  in  the  output  optical  power  (Fig.  3)  and  in  the  photon  density 
(Fig.  5)  versus  the  injected  current. 

The  previously  described  behavior,  varying  the  injected  current,  is  represented  in  detail  by  the  sequence  of  icons  in 
Fig.7.  This  reports  for  increasing  (Fig.  7  a-d)  and  decreasing  (Fig.  7  d-f)  current  the  resonance  frequency  position  of  the 
competing  modes  with  respect  to  the  curve  of  effective  reflectivity. 


Table  2  Structure  parameters  considered  to  obtain  bistable  behavior 


k 

0.4 

cm 

Lgratinz 

2 

cm 

SB 

0.015 

nm 

FSR 

0.019 

nm 

hhr 

9.799 

mA 

€ 

4*10-'’ 

_„3 

cm 

HRC 

0.89 

power  reflect. 

^active 

750 

^m 

ARC 

0.0001 

power  reflect. 

Lair 

10 

}im 

^fiber 

0.001 

power  reflect. 

Lfiber 

0.5 

cm 

441 


Table  2. 

1  and  2  indicate  the  branches  of  the  characteristics 
when  the  fundamental  and  the  competing  mode  are 
lasing. 

The  dashed  branch  corresponds  to  an  unstable 
solution. 


0.5 . : . . t . 

qI - i - ^ ^ - 

0  60  100  150  200 

I  (mA) 

Fig.  4 

Carrier  densit>^  N  vs.  I  characteristic,  for  the  structure 
defined  in  Table  2. 

The  dashed  branch  corresponds  to  an  unstable 
solution. 


Total  photon  density  S  vs.  I  characteristic,  for  the 
structure  defined  in  Table  2. 

1  and  2  indicate  the  branches  of  the  characteristics 
when  the  fundamental  and  the  competing  mode  are 
lasing. 

The  dashed  branch  corresponds  to  an  unstable 
solution. 


Effective  reflectivity  RARCefr  vs.  wavelength 
characteristic,  for  the  structure  defined  in  Table  2. 

A  and  D  indicate  the  correlation  with  the  points  A,  D 
in  Figs.  3-5. 

1  and  2  indicate  the  competing  modes,  model  and 
mode  2. 
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Figures  7  (e-f)  show  that  in  the  branch  2  the  gain  saturation  effects  are  such  that  mode  2  is  lasing  even  if  its  cavity 
losses  are  greater  than  those  of  mode  1  (R«£n>  Rsee)- 


a 


b 


c 


d 


e 


f 


Fig.  7 

Position  of  the  fundamental  1  and  competing  mode  2  for  different  injection  currents; 

A  ;  just  above  threshold;  B  :  just  before  switching  from  mode  1  to  mode  2;  C  :  just  after  switching  to  mode  2; 
D  :  for  high  injection  current;  E  :  in  the  upper  branch  of  the  hysteresis  loop;  F  :  just  before  switching  to  mode  1 . 
A-F  indicate  the  correlation  with  the  points  A-F  in  Figs.  3-5. 


Details  of  the  lower  part  of  the  optical  power  versus  injection 
current  characteristic  are  reported  in  Fig.  8.  The  characteristic’s 
jump  is  associated  with  the  corresponding  transition  in  the  carrier 
density  shown  in  Fig.  4.  The  swallow  tail  behavior  of  the 
hysteresis  is  due  to  the  different  external  quantum  efSciency 
(Rem>R«fl2  in  Fig.  6)  of  the  two  competing  longitudinal  modes 
when  lasing. 

The  second  case  considered  in  our  simulations  is  a 
structure  with  the  grating  SB  much  smaller  than  the  FSR  of  the 
overall  cavity.  In  Table  3  we  present  the  most  important 
characteristics  for  this  structure.  The  total  output  optical  power  in 
fiber  and  the  carrier  density  cmrves  versus  the  injected  current,  at 
300K,  are  shown  in  Fig.  9  and  Fig.  10.  In  Fig.  11  we  report  the 
effective  power  reflectivity  at  the  right  end  of  the  active  section 
versus  wavelength  and  the  position  of  the  modes  for  threshold 
injection  current  and  for  200  mA.  The  Side  Mode  Suppression 
Ratio  (SMSR)  vs  current  curve  presented  in  Fig.  12  creates  an 
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image  of  the  relative  wavelength  movement  with  respect  to  the  effective  power  reflectivity  curve  of  the  two  competing 
modes  that  are  generating  the  bistability. 


Table  3  Structure  parameters  considered  to  obtain  bistable  behavior 


HRC 

0.1 

power  reflect. 

Lactive 

750 

pm 

ARC 

0.0001 

power  reflect. 

^air 

10.1225 

pm 

^fiher 

0.001 

power  reflect. 

^fiber 

0.5 

cm 

k 

0.05 

cm* 

Lgrating 

4 

cm 

SB 

0.007 

nm 

FSR 

0.01199 

nm 

^thr 

62.519 

mA 

e 

4*10’’' 

cm 

P  vs.  I  characteristic,  for  the  structure  defined  in 
Table  3. 

The  dashed  branch  corresponds  to  an  imstable 
solution. 


Effective  reflectivity  RARCetr  vs.  wavelength 
characteristic,  for  the  structure  defined  in  Table  3. 


Carrier  density  N  vs.  I  characteristic,  for  the  structure 
defined  in  Table  3. 

The  dashed  branch  corresponds  to  an  unstable 
solution. 


SMSR  vs.  current  characteristic,  for  the  structure 
defined  in  Table  3. 

SMSR  is  for  the  highest  secondary  mode  with  respect 
to  the  fundamental  mode. 

The  dashed  region  corresponds  to  an  unstable  solution 
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5.  DESIGN  CONSIDERATIONS 

The  previous  analysis  allows  to  deduce  some  hints  relevant  for  the  design  of  an  optical  power  bistable  DBR 
external  cavity  laser  diode. 

In  what  concerns  the  active  material  characteristics,  being  the  device  based  on  the  wavelength  shift  due  to  gain 
saturation  effects,  becomes  important  to  choose  materials  with  low  saturation  power  and/or  high  linewidth  enhancement 
factor. 

The  cavity  characteristics  should  be  such  that  the  grating’s  SB  be  smaller  than  the  FSR  of  the  overall  cavity  (from 
the  left  air-semiconductor  interface  to  the  fiber  grating).  The  swallow  tail  effect  is  related  to  the  grating’s  SB  dimensions. 
To  obtain  an  optical  switch,  with  a  minimal  classic  hysteresis,  the  SB  must  take  a  much  lower  value  with  respect  to  the 
FSR. 

In  the  case  of  a  narrow  SB  exists  the  possibility  of  lasing,  with  high  threshold  current,  when  the  Bragg  wavelength 
is  at  the  center  with  respect  to  two  consecutive  longitudinal  FP  modes.  In  this  case,  an  adjustment  of  the  air  gap  length  or  at 
a  current  control  section  integrated  with  the  FP  could  bring  the  laser  to  have  a  characteristic  that  switches  off  with 
increasing  current. 

The  case  in  Figs.  3-8  presents  a  behavior  typically  observed  when  the  SB  is  little  less  then  the  FSR  and  the 
fundamental  mode  at  low  ciurent  operates  at  a  wavelength  located  at  the  left  side  of  the  reflectivity  peak. 

The  case  in  Figs.  9-12  presents  a  behavior  typically  observed  when  the  SB  is  much  less  then  the  FSR  and  the 
reflectivity  peak’s  wavelength  is  situated  between  two  consecutive  modes  of  the  cavity,  at  low  injection  current. 
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ABSTRACT 

The  paper  summarizes  the  peculiarities  of  the  nonlinear  interaction  of  short  laser  pulses  witli  the 
noncrystalline  semiconductors  (chalcogenide  glasses,  a-Si:H),  showing  that  noncrystalline  semiconductors  (NS) 
are  an  interesting  material  for  high  speed  optoelectronics.  The  physical  mechanisms,  which  can  contribute  to  the 
nonlinear  light  absorption  in  NS  under  pulsed  excitation,  are  reviewed. 

Keywords;  noncrystalline  semiconductors,  chalcogenide  glasses,  a-Si;H,  optical  hysteresis,  nonequilibrium 
phonons,  localized  vibrational  excitations. 

1.  INTRODUCTION 

Nonlinear  optical  effects  in  semiconductors  are  studied  to  a  much  less  extent  in  the  noncrystalline  than  in  the 
crystalline  state.  The  interest  to  the  study  of  the  nonlinear  propagation  of  laser  radiation  in  NS  is  determined  not 
only  by  the  new  fundamental  physical  mechanisms  present  in  these  materials,  but  also  by  a  wide  spectrum  of 
possible  applications  in  optoelectronic  devices  and  photonic  switching.  NS  are  attractive  candidates  for  tlie 
fabrication  of  all-optical  passive  and  active  devices  in  the  same  medium.  In  recent  years  a  variety  of  both  passive 
(fibers,  planar  waveguides,  lenses,  gratings)  and  active  (nonlinear  devices  mainly  based  on  Fabry-Perot 
interference,  optical  bistability  and  optical  hysteresis)  elements  have  been  demonstrated.*’^ 

Special  attention  is  paid  to  the  phenomena  that  can  be  observed  at  relatively  low  levels  of  light  intensity,  in 
connection  with  their  possible  use  in  active  elements  of  integrated  optics  and  optoelectronics.  The  nonlinear 
change  of  the  optical  constants  may  be  reached  in  the  NS  at  much  lower  irradiation  intensity  than  in  the  crystalline 
ones,  when  intefband  transitions  with  the  participation  of  nonequilibrium  phonons  and  nonequilibrium  localized 
vibrational  excitations  play  an  important  role.^’  The  capture  of  nonequilibrium  phonons  by  structure 
inhomogeneities  in  NS  leads  to  the  increase  of  their  effective  lifetime.^’  *  Promising  effects  are  optical  bistability 
and  optical  hysteresis,  on  the  basis  of  which  it  is  possible  to  build  fast-response,  all-optical  switching  and  logical 
elements.**’  ’ 

In  a  number  of  works  some  of  the  light  induced  reversible  changes  of  the  NS  optical  constants  were  studied 
considering  the  nonlinear  transmission  of  focused  CW  laser  radiation  through  thin  film  samples.  Three  types  of 
nonlinear  interaction  of  CW  laser  radiation  with  NS  were  observed:  the  nonlinear  change  of  the  light  transmission 
of  NS  samples;  the  periodic  oscillations  in  time  of  the  photocurrent,  of  the  transmission  and  of  the  reflection 
coefficients  of  NS  films;  and  the  light  transmission  bistability.  In  spite  of  a  considerable  number  of  works  up  to 
now  there  are  no  reliable  data  about  the  physical  processes,  describing  adequately  the  nonlinear  interactions  of  the 
CW  laser  radiation  with  noncrystalline  semiconductors.  The  peculiarities  of  the  nonlinear  transmission  of  CW  and 
pulsed  laser  radiation  through  thin  NS  films  are  reviewed  in  *’ 
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The  aim  of  this  work  is  to  illustrate  the  present  state  of  knowledge  and  some  unresolved  problems  of  the 
nonlinear  interaction  of  laser  pulses  with  NS  (chalcogenide  glasses:  AS2S3,  As2Se3,  AsSe,  GeSe2,  As22S33Ge45, 
and  a-Si:H).  Attention  is  primary  given  to  those  nonlinear  phenomena  that  are  characteristic  of  the  NS  and,  as  a 
mle,  have  no  analogous  in  crystalline  phase.  The  results  of  a  systematic  investigation  of  the  optical  hysteresis  and 
nonlinear  absorption  at  interband  excitation  of  thin  film  samples  (0.2  -  5  |xm  thick)  of  a-Si:H,  a-SiC:H,  AS2S3, 
As2Se3,  AsSe,  GeSe2,  As22S33Ge45  with  short  laser  pulses  (300  K,  77  K)  are  briefly  discussed  in  section  2.  The 
physical  mechanisms,  which  can  contribute  to  the  nonlinear  light  absorption  in  NS  under  pulsed  excitation,  are 
discussed  in  the  next  section.  A  model  of  the  physics  of  the  nonlinear  interaction  of  powerful  light  with  NS, 
taking  into  account  the  light  interaction  with  nonequilibrium  phonons  and  localized  vibrational  excitations,  is 
considered  for  the  explanation  of  the  e^erimental  results. 

2.  NONLINEAR  ABSORPTION  OF  LASER  PULSES  IN  NS 

When  the  input  light  (with  hv  >  Eg)  pulse  intensity  was  relatively  low,  the  transmission  of  the  NS  films 
decreases  with  the  thickness  according  to  the  usual  Beer  law  (Fig.  1).  However,  increasing  the  incident  light 
intensity  over  some  threshold  value  (h)  leads  to  a  nonlinear  light  transmission  by  the  NS  films. ^  The 
characteristic  value  of  the  threshold  light  intensity  depends  on  the  NS  film  composition,  wavelength  of  excitation, 
temperature  and  laser  pulse  duration.  For  example,  for  As2Se3 ,  at  570  nm,  the  It  values  were  equal:  --  2  MW/cm^ 
for  laser  pulses  with  the  7  ns  duration  and  ~  4  kW/cm^  for  laser  pulses  with  1  jits  duration  (300  K).  As  a  result  of 
the  nonlinear  light  absorption  a  change  of  the  time  profile  of  the  laser  pulses  was  recorded  at  the  output  of  the 
amorphous  semiconductors.  The  change  of  the  time  profile  of  the  laser  pulses  leads  to  hysteresis-like 
dependencies  of  the  ou^ut  light  intensity  (passed  through  the  sample)  on  the  corresponding  value  of  the  input 
(Fig.  2).  The  extension  of  the  optical  hysteresis  loop  increases  (changing  its  shape)  with  the  input  light  intensity 
up  to  the  damage  of  the  sample  surface. 


Fig.  1.  Full  line:  continuation  of  low  intensity 
light  transmission.  Symbols:  nonlinear 
light  transmission  of  a-As2S3  film 
(thickness  2.6  pm)  versus  input  pulse 
intensity;  h(o  =  2.58  eV. 


Fig.  2.  Hysteresis  dependencies  of  output  light 
intensity  versus  input  one.  Incident  pulse 
peak  intensity  (Iq):  40  (a),  55  (b),  105  (c), 
and  160  kW/cm^  (d).  Film  thickness  - 
2.6  pm,  ft©  =  2.58  eV. 


The  kinetics  of  the  NS  films  induced  darkening  in  the  field  of  laser  pulses  has  been  determined.  Fig.  3 
presents  the  curves  of  the  transmission  change  (in  per  cents)  during  the  NS  film  irradiation  by  a  laser  pulse  of 
microsecond  duration.  The  characteristic  times  of  establishing  the  new  NS  light  absorption  quasiequilibrium  state 
(corresponding  to  the  horizontal  part  in  Fig.  3)  in  the  field  of  laser  pulses  are  less  than  the  duration  of  the  laser 
pulses. 
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Fig.  3.  Kinetics  of  the  a-As2S3  darkening 
during  the  pulse  irradiation.  The 
parameter  values  -  the  same  as  in 
the  Fig.  2. 


Fig.  4.  Kinetics  of  the  As2Se3  photodarkening 
during  7  ns  pulse  irradiation  at  77K  (a) 
and  300K.  Insertion:  Hysteresis  loops 
at  77K  (a)  and  300K. 


The  photoinduced  increase  of  the  NS  light  absorption  coefficient  in  the  field  of  the  laser  pulses  has  a 
reversible  character,  i.e.  the  medium  fully  restores  to  its  initial  transmission  state  after  the  ending  of  the  laser 
pulse,  and  if  the  same  place  of  the  sample  is  irradiated  with  another  laser  pulse  the  effect  can  be  completely 
repeated.  The  restoration  of  the  NS  initial  absorption  state  was  measured  by  a  low  intensity  probing  light  at  the 
exciting  light  wavelength.  The  time  values  after  which  the  light  transmission  completely  restored  its  initial  value 
lie  in  the  interval  from  several  microseconds  up  to  several  dozens  of  microseconds  and  depend  on  the  NS  film 
composition,  its  thickness,  the  substrate  material,  and  the  excitation  intensity. 

The  cooling  of  the  NS  samples  leads  to  a  considerable  increase  of  the  surface  surrounded  by  the  optical 
hysteresis  loop  (Fig.  4).  It  was  ascertained  that  by  cooling  the  samples  from  300  K  to  77  K  the  light  intensity 
threshold  values  T  does  not  change.  The  temperature  behavior  of  the  linear  and  nonlinear  optical  absorption  in 
amorphous  semiconductors  points  to  the  important  role  which  phonons  play  in  the  process  of  the  interband  light 
absorption.  In  fact  the  characteristics  times  of  the  NS  photoinduced  transition  into  the  new  quasi-equilibrium  state 
(corresponding  to  the  horizontal  part  of  the  curves  in  Figs.  3  and  4)  do  not  change  during  the  sample  cooling,  from 
300  K  to  77  K.  Thus,  we  can  come  to  the  conclusion,  that  the  quasi-stationaiy  value  of  the  light  absorption 
coefficient  in  the  laser  pulse  field  is  determined  first  of  all  by  the  light  intensity  in  the  medium. 

The  dependence  of  the  NS  nonlinear  light  absorption  characteristics  on  the  laser  radiation  wavelength  (higher 
than  Eg  up  to  0.4  eV  and  lower  than  Eg  up  to  0.2  eV)  were  investigated.  It  was  established  that  in  this  spectral 
range  Ae  nonlinear  absorption  characteristics  were  maintained.  However,  the  pulse  intensity  threshold  values  h 
change  with  the  wavelength  inversely  as  the  change  of  the  linear  absorption  coefficient  of  the  medium. 

By  reducing  the  laser  pulse  duration  down  to  picoseconds  or  femtoseconds,  it  is  possible  to  exclude  or  to 
lower  the  influence  of  some  processes,  for  example,  the  laser  heating  of  the  sample,  and  to  investigate  the 
mechanism  of  the  nonlinear  or  nonstationary  interaction  of  light  with  the  NS.  Nonlinear  light  absorption  of  100 
femtosecond  pulses  in  the  case  of  inter-  and  intraband  excitation  of  AS2S3  and  As2Se3  thin  films  with  the  pump- 
probe  technique  was  measured  in  Different  behavior  of  time  evolution  of  induced  nonlinear  absorption  in 
AS2S3  and  As2Se3  was  revealed,  that  can  be  explained  by  different  mechanisms  of  interaction  of  powerful  light 
with  amorphous  semiconductors  in  these  two  cases. 
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3.  PHYSICAL  MECHANISMS  OF  THE  NONLINEAR  LIGHT  ABSORPTION  IN  NS 


The  main  peculiarities  of  the  nonlinear  light  transmission  in  NS  thin  films  are  the  following:  a  nonlinear 
increase  of  the  light  absorption  coefficient;  a  nonlinear  refiuctive  index  change,  whose  magnitude  depends 
strongly  on  the  excitation  intensity;  the  threshold  character  of  the  nonlinear  transmission;  the  change  of  the  time 
profile  of  the  laser  pulses,  leading  to  a  hysteresis  transmission  dependence;  the  characteristic  time  constants  of  the 
sample  photoinduced  darkening,  which  does  not  exceed  the  laser  pulse  duration;  the  independence  of  the 
nonlinear  transmission  character  on  the  light  beam  diameter,  on  the  film  thickness,  and  on  the  substrate  material; 
the  weak  dependence  from  the  laser  pulse  wavelength;  the  successive  step  character  of  restoration  of  light 
transmission  initial  state;  the  full  restoration  of  light  transmission  initial  state  in  a  microsecond  time  interval;  the 
temperature  behavior  of  the  parameters  of  the  nonlinear  interaction  (the  invariance  of  the  light  intensity  threshold 
values  and  of  the  transient  time  into  the  nonlinear  light  absorption  state);  the  correlation  with  the  photostractural 
transformations. 

The  different  viewpoints  of  the  physical  mechanisms  that  can  explain  the  peculiarities  of  the  nonlinear  light 
absorption  in  NS  are  discussed  briefly  in  In  the  case  of  the  chalcogenide  glasses  (ChG)  photoinduced 

darkening  under  laser  pulses  is  accompanied  by  photostractural  transformations  of  the  medium.  These 
photostractural  transformations  (with  the  Eg  shift)  are  noticed  only  in  freshly  prepared  (previously  not 
illuminated)  samples  and  are  irreversible  after  ±e  ending  of  the  exciting  pulse.  The  photoinduced  ChG  darkening 
in  the  laser  field,  which  was  described  previously  have  another  physical  nature  than  the  ChG  photostractural 
transformations,  because,  first  of  all,  it  is  reversible  (the  initial  ChG  light  transmission  sets  completely  in  during 
1-100  ixs)  and,  then,  the  photoinduced  darkening  has  been  found  in  materials,  which,  as  a  result  of  the 
photostractural  transformations,  have  a  different  sign  of  the  Eg  shift,  that  is,  give  bleaching  (GeSe2,  As22S33Ge45) 
or  darkening  (AS2S3,  AsSe,  As2Se3).  It  was  experimentally  shown  that  the  peculiarities  of  the  laser  pulse  nonlinear 
absorption  are  the  same  in  armealed  or  in  previously  darkened  (by  other  light  sources)  ChG  films. 

The  saturation  of  the  interband  light  absorption  (the  Burstein-Moss  dynamic  shift  of  the  fundamental 
absorption  edge  in  semiconductors,  cormected  with  the  generation  of  a  sufficient  number  of  electron-hole  pairs, 
and  consequently,  with  the  Fermi  level  shifts  into  the  conduction  band  (the  absorption  edge  shifts  towards  higher 
photon  energies)  caimot  explain  the  recorded  behavior  of  the  excited  amorphous  semiconductor,  which  is 
cormected  with  a  considerable  increase  of  the  light  absorption  coefficient.*^ 

In  the  described  experiments  the  measurements  of  the  behavior  of  the  reflected  light  fi’om  the  surface  of  the 
NS  films  in  a  regime  of  laser  pulse  nonlinear  transmission  were  done  as  well.  It  was  ascertained  that  the 
oscillograms  of  the  reflected  pulses  from  the  NS  repeat  the  incident  ones.  This  points  to  the  real  increase  of  the 
NS  light  absorption  and  to  the  impossibility  of  its  explanation  by  "metallization"  effects,  cormected  with  a  carrier 
concentration  increase  in  the  exciting  region  and  by  melting  of  the  material  on  the  surface  of  this  region. 

A  distinctive  peculiarity  of  the  amorphous  semiconductors  is  the  presence  of  a  high  (10***  -  10*®  cm'^)  density  of 
the  localized  states  in  the  optical  band  gap.^  In  the  literature  the  light  absorption  peculiarities  in  the  NS  transparent 
region  are  connected  witli  carrier  occupation  and  redistribution  on  these  states.*^  In  a  number  of  works  this 
mechanism  is  also  proposed  for  the  explanation  of  the  laser  pulse  nonlinear  absorption  at  the  NS  interband 
excitation.  **  The  hot  carriers,  created  as  a  result  of  the  NS  light  excitation  with  hv  t  Eg,  relax  (during  a  period 
shorter  than  10'*^  s,  300  K),  giving  as  a  rale  the  excess  energy  to  the  phonons  and  being  captured  on  the  localized 
states.  Such  localized  carriers  may  be  excited  by  light,  giving  their  contribution  to  the  light  absorption.  However, 
the  laser  pulse  nonlinear  absorption  at  NS  interband  excitation,  described  in  this  work,  carmot  be  explained  on  the 
basis  of  the  occupancy  and  redistribution  of  the  carriers  on  the  localized  states  with  their  next  excitation  in  the 
conduction  band.  It  is  conditioned  by  the  fact  that  the  probability  of  the  transitions  "localized  state-band"  (from 
10*®  -r  10*®  cm**  to  ~  10^*  cm**)  is  some  orders  lower  than  the  interband  optical  transitions  probability  (from  ~ 
10  cm*  to  ~  10  cm* )  and,  it  is  rather  difficult  to  experimentally  distinguish  such  a  low  contribution  to  the 
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absorption  (at  the  same  light  wavelength)  from  the  inteiband  absorption.*®  This  is  even  more  difficult  because  the 
optical  absorption  spectrum  of  the  investigated  compounds  and  the  energy  dependence  of  the  density  of  states  in 
the  optical  band  gap  have  a  monotonous  dependence  in  energy. 

It  is  impossible  to  explain  the  laser  pulse  nonlinear  transmission  by  the  homogeneous  heating  of  the  NS  films. 
The  temperature  coefficient  of  the  optical  absorption  edge  shift  in  these  compounds^  {dEJdT)  is  about  5  10"^ 

I  ® 

eV  K'  .  Therefore,  in  order  to  change  the  absorption  light  coefficient  in  the  absorption  edge  region,  by  an  amount 
equal  to  the  one  revealed  in  the  experiment  (~  two  times),  it  is  necessary  to  heat  the  NS  sample  to  a  temperature 
considerably  exceeding  the  temperature  of  the  material  softening.  More  rigorous  experimental  demonstration  was 
done,  when  an  analogous  laser  pulse  nonlinear  absorption  has  also  been  registered  at  light  quantum  energies, 
considerably  exceeding  the  NS  optical  band  gap  (Eg),  where  the  contribution  of  the  temperature  shift  of  the 
absorption  edge  on  the  light  transmission  change  is  smaller. 

The  contribution  of  the  sample  temperature  increase  on  the  light  pulse  nonlinear  absorption  may  be  revealed 
from  the  dependence  of  this  absorption  on  the  size  of  the  excitation  region,  on  the  NS  films  thickness,  and  on  the 
substrate  material  (with  different  heat  conductivity).  The  investigations  of  the  laser  pulse  nonlinear  transmission 
dependence  on  the  excitation  region  size  was  carried  on.  As  a  result  of  measurements  no  dependence  of  the  optical 
hysteresis  transmission  curves  from  the  diameters  of  the  exciting  beam  (from  80  to  700  pm)  was  revealed.  The 
influence  of  the  substrate  material  (with  a  different  heat  conductivity  k)  and  of  the  sample  thickness  on  the 
characteristics  of  the  laser  pulse  transmission  has  been  studied.  Substrates  of  glass  (k  =  0.7  W  m'*  K'* ),  mica  (k  = 
0.24  W  m'*  K’* )  and  lavsan  (k  =  0.17  W  m'*  K'* )  were  used.  Within  the  experimental  error  (<  20%)  no  influence 
of  the  substrate  heat  conductivity,  on  the  curves  of  the  optical  hysteresis  transmission,  has  been  revealed.  Neither 
influence  of  the  NS  film  thickness  on  the  nonlinear  absorption  (while  changing  the  thickness  from  0.1  pm  to  3  p 
m)  has  been  revealed. 

The  impossibility  to  explain  the  laser  pulse  nonlinear  transmission  by  the  homogeneous  heating  of  the  NS 
films  was  demonstrated  by  femtosecond  spectroscopy  measurements  also.**’  *^  Laser  pulses  with  ~  1,5  pj  energy 
were  used,  which  can  not  provide  a  substantial  heating  during  probe  excitation  with  100  fs  pulses  at  300  K. 

The  temperature  behavior  of  the  linear  and  nonlinear  optical  absorption  in  NS  points  to  the  important  role 
which  phonons  play  in  the  process  of  the  interband  light  absorption.  The  tenmerature  dependence  of  the  light 
absorption  coefficient  is  conditioned  by  strong  electron-phonon  interaction.  **’  A  new  physical  model  of  tlie 
nonlinear  interaction  of  powerful  light  with  NS,  taking  into  account  the  light  interaction  with  nonequilibrium 
phonons  and  localized  vibrational  excitations  was  proposed  for  the  explanation  of  the  experimental  results. 
Structure  inhomogeneities  in  NS  may  lead  to  some  spatial  localization  of  the  phonon  vibrational  modes,  which 
leads  to  the  increase  of  their  effective  lifetime.®’  ®’  This,  in  turn,  leads  to  a  change  of  the  light  absorption 
coefficient  as  a  result  of  the  appearance  (or  disappearance)  of  additional  optical  transitions  channels  between  the 
earlier  forbidden  (or  less  probable)  band  states.  Consequently,  a  considerable  role  in  the  amorphous 
semiconductor  interband  light  absorption  is  played  by  the  transitions  with  a  simultaneous  participation  of  light 
quanta  and  phonons.*’  ^  With  such  considerations  in  mind  the  coefficient  of  the  interband  light  absorption  may  be 
thought  to  consist  of  two  parts:  a  =  +  P  ,  where  does  not  depend  on  the  temperature,  while  the 

second  part  depends  on  the  concentration  of  phonons.  The  second  part  of  the  light  absorption  coefficient  may 
change  considerably  by  generating  additional  phonons  as  a  result  of  the  hot  carrier  (created  by  the  light)  energy 
dissipation  with  their  consequent  capture  on  localized  states  in  the  NS  optical  band  gap.  The  kinetic  equations, 
describing  the  exciting  and  relaxation  processes  of  electrons  and  phonons  in  NS  have  been  written  in  [9], 
Equations  describe;  the  laser  energy  loss  during  the  interaction  with  the  medium,  the  medium  polarization  decay, 
the  transition  of  the  carriers  (under  the  laser  field)  from  the  valence  to  the  conduction  band  and  vice  versa,  the 
carrier  concentration  changes  in  the  conduction  and  in  the  valence  band  under  the  action  of  the  external  laser  field 
and  carrier  relaxation  with  the  emission  of  optical  phonons,  the  generation  of  optical  and  acoustic  phonons,  the 
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optical  phonon  decay  process  into  acoustical  phonons.  The  nonlinear  change  of  the  light  absorption  coefficient 
may  be  reached  in  the  NS  at  much  lower  irradiation  intensity  than  in  the  crystalline  ones.  This  is  possible  when 
transitions  with  the  participation  of  local  acoustic  phonons  play  an  important  role.  The  kinetic  equations  were 
solved  numerically  for  parameter  values  and  initial  conditions,  corresponding  to  the  experimental  situation.  The 
results  of  the  numerical  solution  fit  reasonable  well  the  experimental  dependencies.®  In  support  of  the  proposed 
model  for  the  explanation  of  the  laser  pulse  nonlinear  absorption  of  ChG  may  also  serve  the  fact  that  with  the 
same  parameter  values  the  calculated  curves  coincide  satisfactorily  with  the  experimental  ones  in  spite  of  the 
changing  of  the  laser  pulse  duration  or  amplitude  in  the  wide  range. 

An  additional  experiment  was  performed,  in  order  to  demonstrate  the  adequacy  of  the  proposed  model.  The 
main  point  of  the  physical  model  of  the  nonlinear  interaction  of  powerful  light  with  NS,  taking  into  account  the 
light  interaction  with  nonequilibrium  phonons  and  localized  vibrational  excitations,  is  the  phonon  localization.  So, 
the  demonstration  can  be  the  investigation  in  the  same  conditions  of  the  peculiarities  of  pulse  transmission  in  the 
medium  with  the  localization  possibilities  (NS)  and  without  localization  (crystalline  semiconductor).  Such  a 
medium  is  AS2S3  ;  which  exists  in  crystalline  and  amorphous  state.  The  main  peculiarities  of  the  nonlinear  light 
transmission  in  amorphous  AS2S3  thin  films  were  confirmed. 


Fig.  5.  The  output  laser  pulses  peak  intensity 
versus  input  peak  intensity  in  C-AS2S3 
film  (thickness  5  pm),  fio  =  2.75  eV. 


The  peculiarities  of  the  pulse  absorption  in  crystalline  AS2S3  films  were  measured  in  the  similar  excitation 
conditions  (the  wavelength  of  the  laser  generation  was  changed  to  X,  =  450  run).  The  orientation,  corresponding  to 
the  minimum  of  the  light  transmission  of  c-  AS2S3  thin  film  (the  light  electric  vector  E  is  directed  in  the  middle 
between  a  and  c  axes  of  the  crystal)  was  chosen  to  get  the  absorption  coefficient  a  =  7.310^  cm'*,  comparable 
with  amorphous  material  one.  Fig.  5  shows  the  dependence  of  the  output  laser  pulses  peak  intensity  versus  input 
one.  As  a  result  of  measurement  no  dependence  (in  limits  of  experimental  error  <  20%)  of  light  absorption  in 
crystalline  AS2S3  from  pulse  intensity  was  revealed.  These  measurements  indicate  that  the  clue  to  understand  the 
physical  mechanism  lying  at  its  base,  is  connected  with  the  amorphous  nature  of  the  material.  This  fact 
additionally  confirms  the  possibility  of  the  application  of  physical  model  of  the  nonlinear  interaction  of  powerful 
light  with  NS,  taking  into  account  the  light  interaction  with  nonequilibrium  phonons  and  localized  vibrational 
excitations. 


The  erqjeriment,  which  confirm  the  possibility  of  application  of  the  proposed  physical  model,  is  the 
measurements  of  nonlinear  laser  pulse  absorption  in  a-Si;H  and  a-SiC;H  thin  films. It  is  well  known,  that  the 
localized  state  electronic  spectrum  in  the  band  gap  of  a-Si;H  is  different  from  the  one  of  the  chalcogenide  glasses. 
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So,  if  light  generation  and  redistribution  of  the  carriers  on  the  localized  states  with  their  next  excitation  in  the 
conduction  band  play  an  important  role,  we  should  have  different  peculiarities  of  laser  pulse  absorption  in  a-Si;H 
and  in  chalcogenide  glasses. 

The  peculiarities  of  the  pulse  absorption  in  a-Si:H  and  a-SiC:H  films  were  measured  in  the  similar  excitation 
conditions  as  in  the  case  of  chalcogenide  glasses.  The  qualitative  behavior  of  the  characteristics  of  the  nonlinear 
light  absorption  and,  as  well  as,  of  the  kinetics  of  the  sample  photoinduced  darkening  in  the  field  of  the  laser 
pulses  (at  300K)  is  the  same  as  in  the  case  of  chalcogenide  glasses.  For  example,  in  figure  6  the  hysteresis-like 
dependencies  of  the  output  light  intensity  (passed  through  the  a-Si:H  sample)  on  the  corresponding  value  of  the 
input  is  shown  and,  figure  7  presents  the  characteristic  times  of  the  setting  in  of  the  new  light  absorption 
quasiequilibrium  state  (corresponding  to  the  horizontal  part)  in  the  field  of  7  ns  laser  pulses.  The  most 
characteristic  peculiarities  of  the  investigated  nonlinear  light  transmissions  in  a-Si:H  thin  films  are  the  following; 
a  nonlinear  increase  of  the  light  absorption  coefficient;  the  threshold  character  of  the  nonlinear  transmission;  the 
change  of  the  time  profile  of  the  laser  pulses,  leading  to  a  hysteresis  transmission  dependence;  tire  characteristic 
time  constants  of  the  sample  photoinduced  darkening,  which  does  not  exceed  the  laser  pulse  duration;  the  weak 
dependence  on  the  laser  pulse  wavelength;  the  restoration  of  light  transmission  initial  state  in  a  microsecond  time 
interval.  These  peculiarities  of  nonlinear  light  absorption  can  be  understood  in  terms  of  a  picture  of  generation  of 
the  nonequilibrium  localized  lattice  vibrations  with  the  emission  of  the  extended  phonons,  created  as  a  result  of 
the  a-Si:H  light  excitation  with  ti&  >  Eg. 


intensity  versus  input  one.  Incident  peak 
pulse  intensity:  6.3  (a);  5.7  (b)  and  4.9 
MW/cm  (c);  pulse  duration  7  ns,  ha  = 
2.07  eV. 


Fig.  7.  Kinetics  of  film  darkening  during 
pulse  irradiation.  The  parameter  va¬ 
lues  -  the  same  as  in  the  Fig.  7. 


4.  CONCLUSIONS 

Nonlinear  interaction  of  short  and  ultrashort  laser  pulses  with  NS  have  shortly  been  described.  It  was  shown 
that  these  characteristics  do  not  find  a  satisfactory  explanation  in  the  limits  of  the  existing  physical  models 
proposed  in  the  literature.  A  new  mechanism  of  a  nonlinear  light  absorption  in  NS,  taking  into  account  the 
interaction  with  nonequilibrium  phonons  and  localized  vibrational  modes  is  briefly  discussed.  A  reasonably 
agreement  of  the  calculated  dependencies  with  the  experimental  ones  is  obtained.  An  additional  experiment  was 
performed,  in  order  to  demonstrate  the  adequacy  of  the  proposed  model.  It  is  not  really  difficult  to  estimate  that 
the  number  of  created  phonons  and  localized  vibrational  modes  due  to  the  energy  dissipation  of  hot  carriers  is  of 
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the  same  order  as  the  number  of  the  equilibrium  phonons  using  laser  pulse  energy  density  in  the  range  1-10  mJ 
cm  . 
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ABSTRACT 

We  describe  a  pulsed  doubly  resonant  1^30^  (LBO)  optical  parametric  oscilator  (OPO)  pumped  widi  a  frequency  doubled 
Q-switched  Nd:YAG  laser  amplifier.  TTie  thre^old  power  density  near  degeneracy  was  found  to  be  29  MW/cm^.  Tlie  OPO 
was  continuously  tuned  from  970  nm  to  1 175  nm  by  rotation  of  the  LBO  crystal.  The  linewidth  of  the  signal  radiation  at  998 
nm,  and  idler  radiation  at  1136  nm  wavelength,  were  found  to  be  10  run,  and  13  nm  respectively.  Hie  OPO  output  pulse 
energy  of  signal  and  idler  near  degeneracy  was  1 .51  mJ  for  18  mJ  pump  energy. 

1.  INTRODUCTION 

If  a  pump  radiation  with  frequency  ©p  is  incident  on  a  nonlinear  material,  then  a  signal  frequenc>'  ©g  may  be  amplified.  In 

the  process  a  third  frequency  ®j ,  termed  as  the  idler  frequency,  and  such  that  ® ,  +  (D  j  =  ®  ^  is  generated.  In  order  to 

achieve  significant  parametric  amplification  it  is  required  feat  at  each  of  feese  frequencies  fee  generated  polarization  travel  at 
fee  same  velocity  as  a  freely  propagating  electromagnetic  wave.  This  is  fee  case  if  fee  refractive  indices  of  fee  material  are  such 

feat  the  wave  vectors  k  satisfy  fee  momentum  matching  condition  ki  +  ki  =  kp .  For  collinearly  propagating  waves  this 

may  be  written  +  ffi jll;  =  fflpHp ,  where  n^^  is  fee  refractive  index  at  frequency  ©jj,.  Once  fee  pump  radiation  is 

chosen,  and  feus  ©„  fixed,  then  if  fee  refractive  indices  at  fee  signal,  idler  or  pump  frequencies  are  varied,  fee  signal  and  idler 
frequencies  generated  in  an  OPO  will  tune.  In  a  laser  pumped  singly  resonant  OPO  (SRO)  only  fee  signal  (or  idler)  wave  is 
resonated.  In  a  doubly  resonant  OPO  (DRO)  both  signal  and  idler  waves  are  resonated. 

Several  pulsed  OPO's  were  demonstrated  that  use  LBO  as  fee  nonlinear  crystal  wife  pump  sources  as  excimer  laser 
frequency  doubled  Nd:YAG  laser^,  frequency  tripled  Nd:YAG  laser^,  frequency  quadrupled  Nd;YAG  laser^,  frequency 
doubled  all-solid  state  Q-switched  Nd:YLF  Is^er^,  self  mode-locked  Ti:sapphire  laser^,  frequency  doubled  diode-pumped 
mode-locked  Nd:  YVO4  laser^. 

In  this  paper  we  describe  fee  operation  of  a  pulsed  LBO  DRO  pumped  by  an  electro-optically  Q-switched  frequency 
doubled  Nd;YAG  laser  amplifier. 

2.  THEORY 

2.1.  Single  pulse  pumped  OPO  oscfllatimi  threshold 

We  consider  an  OPO  wife  plane-paralel  two  mirror  optical  cavity.  In  fee  slowly  varying  envelope  approximation,  for 
coUinear  interaction  of  Gaussian  waves  along  fee  z  axis,  assuming  no  pump  depletion  and  field  absorbtion  in  nonlinear 
material,  fee  equations  describing  fee  parametric  growth  of  fee  signal  and  idler  field  amplitudes  Eg  ,  in  fee  presence  of  a 
pump  field  amplitude  Ep  are^>  ^ 


=  jK,EpEi  exp(jAkz) 

(la) 

dE. 

=  jiCiEpE;  cxp(jAkz) 

(lb) 

Here  Ak  =  kp  -  kg  -  Iq  is  fee  wave  vector  mismatch.  The  interaction  coefficients  Kj^  (m  =  sji)  are  given  by 
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K  =  -  ,  where  tUg-is  the  effective  nonJinear  coefficient,  and  c  is  the  speed  of  light 

For  a  phase  matched  interaction  (Ak = 0)  the  emressions  for  the  signal  and  idler  field  amplitudes,  after  propagation  through  an 
effective  gain  interaction  length  Ig  are  given  by^ 

E,(i,)= E.(0)cosh(n,)+ j^E;(0)siBh(n,)  (2a) 

EiOg)  =  Ei(0)co8h(n,)+  j^E:(0)sinh(n,)  (2b) 

The  parametric  amplitude  gain  T  is  given  by 


r=(K.K,|E,f)’^  = 


2g)  ® 


K 


(3) 


1  I  |2 

where  Ip  =  — npC6o|Ep  |  is  the  pump  peak  power  density,  and  sq  is  the  permitivity  of  fi-ee  space. 


The  oscillation  threshold  condition  for  a  DRO  is  that  the  single  pass  parametric  gain  be  sufficient  to  ofl&et  the  round  trip 
cavity  losses  Og  .Oj  for  botii  E  field  of  the  signal  and  idler  frequencies^® 


.K,Ep 


-^E.(0)=  E.(0)cosh(n,)  + j-^E‘(0)sinh(n,) 

1-a,  1 


(4a) 


-^Ei(O)  =  Ei(0)co3h(n,)  +  j^E:(0)siiih(ng)  (4b) 

i-ttj  ‘  r 

Taking  the  complex  conjugate  of  (4b)  and  setting  the  determinant  of  the  resultii^  two  simultaneous  equations  to  zero,  we 
obtain  the  threshold  condition 


V 


|^cosh(n^)  -  j-^j|^cosh(n,)  -  -  sinh^n,) = 0 

cosh(n-)  =  1-f  ^  — 

2-a.-a. 

For  low  loss  resonators  (Og  ,04  « 1)  tiie  oscillation  threshold  condition  becomes 

=  a.tti  (6) 

In  a  SRO  only  signal  (or  idler)  is  resonant,  04-1  (or  c^»l),  and  for  small  Og 

r*i;=2a.  (7) 


(5) 
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A 

Hie  threshold  pump  peak  intensity  of  a  continuously  operated  (CW  pumped)  or  synchronously  pumped  DRO  (the  length 

of  tile  OPO  optical  cavity  is  adapted  to  the  frequency  of  tiie  uhiashoit  pulses  generated  by  the  pump  mode-locked  laser) 
results  from  (3)  and  {€).  The  ratio  of  tiie  threshold  pump  power  for  SRO,  given  by  (3)  and  (7),  as  compared  to  DRO  is  2/<Xj . 

In  tiie  case  of  OPO  pumped  with  single  pulse  Q-switched  lasers,  tiie  pump  intensity  is  usually  big  enough  to  satisfy  the 
tiueshold  condition.  The  apparent  threshold  of  the  oscillator  will  be  a  pump  power  producii^  during  pump  pulse  a  suflScient 
gain  for  tiie  oscillation  to  build  out  of  the  noise. 

The  threshold  of  a  SRO  was  calculated^  by  assuming; 

-  Gaussian  time  profile  for  tiie  incident  pump  intensity  which  yields  a  time  dependent  gain  coefficient  T  described  by 


r  =  roex 


{4. 


,  where  t  is  the  l/e^  intensity  half  width  of  tiie  pump  pulse,  and  Tq  is  the  peak  gain  coefficient. 


n.l 


-  constant  pump  intensity  during  a  single  cavity  transit  ( T  »  — —  ) .  where  l^.  is  the  nonlinear  crystal  length; 

c 

-  time  independent  gain  profile  of  T  =  2t  width ,  and  F  magnitude  given  by  F  =  134Fq  . 

Under  the  same  conditions  we  deduced  the  apparent  threshold  pump  peak  intensity  of  a  single  pulse  pumped  SRO 


I*(SRO)  = 


1.8 


ln|( 


O-h 


(8) 


Here  cr  = 


exp(P) 


VR.R,(l-a) 


25L  /  V 

,  where  P  = - ;  L  is  tiie  optical  cavity  length  given  by  L=  -tl  (n.  - 1),  Lo  is  tiie 

CT  \  R  /  v 


cavity  physical  lengtii;  tp  is  M  width  at  half  maximum  (FWHM)  pulse  duration;  Rj ,  R2  are  tiie  signal  reflectances  of  tiie 
OPO  input  and  output  mirrors;  a  is  tiie  round  trip  attenuation  of  the  signal  power,  y  is  the  pump  reflectance  of  the  OPO 
output  mirror;  ,  Xj  are  the  signal  and  idler  wavelengths;  g^  is  the  signal  spatial  mode  coupling  coefficient^  defined  by 


O 

g,  =  — 2 - r » Gaussian  mode  electric  field  radii  of  pump  and  signal  radiation  beams;  g;^  is  the 

Wp  +  w, 

reduction  factor  in  parametric  gain  that  results  fi:om  use  of  a  pump  of  bandwidth  AXp  over  that  for  a  pump  of  negligible 
bandwidth^;  is  the  reduction  in  parametric  gain  fi-om  an  ideal  pumping  with  a  c<&imated  beam^  ;  L  is  given  by  by^ 
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V  2  1,; 


where  is  fee  walk-ofiFlength 


Jn  yfn  +  w? 

1  _  _ P  P  »  „  ; 


2  <’U-V2 


is  the  double  reifraction  walk- 


ofif  ai^e.  Threshold  power  to  noise  power  was  considered  In^  J  =  40 , 

For  a  single  puke  pumped  DRO,  near  degeneracy  (Xg  =  Xj),  assuming  05-04  and  the  same  signal  and  idler  reflectance  of  the 
OPO  mirrors,  the  equations  to  determine  the  apparent  thre^old  becomes 


aE,(0)  =  E.(0)cosh(n  J  +  j-^Er(0)sinh(n  J 


KjE- 

:  *  P  T7*j 


cE,(0)  =  Ej(0)cosh(n,)  +  j-^E:(0)siiih(n,) 

The  flireshold  pump  peak  intensity  of  a  sin^e  puke  pumped  DRO  is  given  by 


C(DRO): 


1.8[lna]* 


871  d.ffg.gxg«  ,2 


n  n,ni6oC^.Xi 


i;(i+Yr 


Wth  a  »1  ^proximation  we  obtain  the  threshold  relations  used  in  references®*^^.  Under  our  ejqjeiimental  conditions  this 
^{U^oxiination  is  not  correct  due  to  the  relatively  short  L  and  long  Xp . 

2.2.  Resonated  waves  spot  size. 

We  calculated  the  signal  (idler)  spot  size  of  DRO  near  d^eneracy.  Assmning  a  Gaussian  profile  for  the  electric  fields,  near 

d^eneracy  (w^  =  Wj),  the  driving  polarization  for  the  signal  wave  has  the  radius  w,  given  by^’^ 

Ihe  radius  of  the  signal  Qdler)  polarization  after  a  round  trip  through  the  optical  cavity  is 


i_  =  J_  _L 

w"  ~  w?  wj 


-2  -2  f  2LX. 

wu  =  w,  1+ 

vnw. 


By  letting  Wi  =  w,  after  several  round  trips,  ftie  steady  state  signal  (idler)  spot  size  is  given  by  the  following  equations 
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(13) 


AX.,=^ 


0.886 


**  1  /*\  \  /a  \  ^  }  fs.  ! 

where  n(A,)  is  the  refractive  index  given  by  Sellmeier  equations. 


3.  EXPERIMENTAL  RESULTS 

TTie  optical  cavity  of  the  OPO,  35  mm  length,  is  formed  by  a  pair  of  plane  parallel  mirrors,  as  shown  in  Fig.  1 . 


Fig.l.  Schematic  of  LBO  DRO  optical  cavity. 

The  LBO  crystal  used  in  the  present  device  was  cut  for  type  I  phase  matchup  (e  oo)  in  tiie  xy  crystallographic  plane,  6  = 
90^,  ^  -  10^,  and  was  12  mm  in  length  witii  4mm  x  4mm  aperture.  Both  &ces  were  antireflection  coated  at  532/1064  run. 
Ihe  pump  laser  was  a  non-focused  frequency  doubled  Q-switched  TEMqq  Nd  YAG  laser  amplifier,  with  pulse  duration  10.5± 
1  ns.  and  variable  ouqrut  pulse  energy  iq)  to  40  mJ  at  532  run.  Ihis  laser  system  was  described  elsewherel^.  Ihe  main  spectral 
characteristics  of  the  OPO  mirrors  are: 

M]  (input  mirror)  -  hig^  reflective  (99.8%)  at  1064  tun  and  >  99%  over  fire  range  980-1 175  run,  95%  transmission  at  532  run; 
M2  (output  mirror)  -  95%  reflective  at  lOM  run,  88-96%  reflective  over  the  rar^  970-1 175  run,  96%  reflective  at  532  run. 
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Due  to  higji  reflectance  at  pump  radiation  of  M2  we  obtained  parametric  gain  on  both  forward  and  backward  transits  through 
LBO  crystal.  The  output  energy  of  the  signal  and  idler  radiation  near  degeneracy  versus  pump  pulse  energy  is  shown  in  Fig.  2. 
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Fig.  2.  OPO  output  energy  of  the  signal  and  idler  radiation  as  function  of  pump  energy. 


Ou^iut  energy  of  1.4  mJ  with  30  mJ  pump  puke  energy  for  35  mm  OPO  optical  cavity  length,  and  1.51  mJ  with  18  mJ  pump 
energy  for  20  mm  optical  cavity  length  was  obtained.  We  observed  an  oscillation  threshold  of  --  10  mJ  pump  energy, 
correspondii^  to  a  peak  power  density  of  47  MW/cm^  on  the  input  mirror,  and  44  MW/cm^  on  the  LBO  input  fece  (Lq  =  35 
mm),  and  an  oscillation  threshold  of  ^  7  mJ,  32  MW/cm^,  and  29  MW/cm^  respectively,  for  Lg  =  20  mm  .  The  level  of  the 


pump  intensityis  restricted  bythe  damage  of  Mj .  We  observed  the  Mj  damage  after  about  100  pukes  at  17  mJ  pump  energy 
(82  MW/cm^  peak  power  density)  and  after  2-5  pulses  at  20  mJ  pump  energy  (97  MW/cm^  p^  power  density).  The  low 
level  of  the  measured  damage  th^hold  k  determined  by  the  oveikpping  on  Mj  of  the  forward  propagating  pump  radiation 
with  ftie  backward  propagating  pump  radiation  reflected  by  M2  (the  round  trip  propagation  time  of  the  OPO  resonator  k 
much  shorter  than  ftie  pump  pukewidth). 


We  calculated  the  apparent  oscillation  ftireshold  for  puke  pumped  SRO  and  DRO  using  (8)  ,  (10)  relations: 

I*(SRO“LBO)  =  16MW/cm^,I*(DRO-LBO)  =  85MW/cm^  .  The  parameters  for  OPO  threshold 

calculation  are:  L~43inm,a~0.06,  Rj=  l,R2f=0.95,'y=0.9,lg=  11.9  mm^^,np=iis— ni=  1.6055,  Eq- 8.854  x  10"^^  F/m, 
c  -  3  X 108  m/s,  deff-  0.82  x  10-^2  m/V  gg  =  0.92,  g;^  =  0.97  (AX  =  1.55  AXp  =  0.33  nm),  g^  =  1. 


Tuning  of  ftie  OPO  was  adiieved  by  rotation  of  the  LBO  crystal  in  the  jry  crystaflogr^hic  plane.  The  output  signal  and  idler 
energy,  measured  at  fixed  pump  energy,  decreases  with  the  rotation  of  ftie  LBO  crystal  fiom  ftie  d^eneracy  angle,  as  shown 
in  Fig.3.  This  result  and  &e  foQowii^  (mes  were  obtained  with  a  pump  puke  energy  of  15  mJ  (  a  fiictor  of  135  above 
ftireshold). 

Ihe  calculatedradius  of  the  signal  0^1^)  wave  near  d^eneracy,  as  results  fiom  (13),  was  Wg  »  0.32  mm  (Lg  35  mm),  and 
Wg  -  0.275  mm  (Lq  =  20  mm),  significantly  less  than  the  radius  of  ftie  Gaussian  pump  wave  Wp  « 1.  i  mm  on  LBO  crystal.  Ihe 


calculated  fiill  diveigence  an^e  of  a  corresponding  Gaussian  signal  0dler)  beam  is 


e.= 


— -  =  2J.2inrad ,  in  good 
7CW, 


agreement  the  e;q)eiiment^  measured  signal  spot  of  5  mm  at  ~  2  m  distance  from  the  OPO  ou^ut  mkcor. 
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F^.3.  Nonnalized  OPO  output  energy  of  the  signal  and  idler  radiation  versus  tuning  angle  from  degeneracy. 

The  wavelength  of  the  signal  and  idler  waves  versus  tuning  angje  were  measured  over  the  tuning  rai^  985-1155  nm.  The 
experimental  data  points,  compared  with  the  calculated  curve  using  tiie  SeOmeier  equations  for  LBO  crystal,  are  shown  in 
Fig.4. 


wavelength  (pm) 

Fig.4.  Tuning  range  of  LBO  DRO.  Experimental  data  points  compared  with  calculated  curve.  Calculated  angle  of  d^eneracy 
4>d=  11-390 

The  OPO  emission  spectrum  for  signal  and  idler  radiation  was  taken  by  use  of  a  grating  monochromator  with  a  resolution  of 
better  than  0.1  run  and  was  averaged  over  a  train  of  pump  pulses.  We  observed  a  double  structure  for  each  spectrum,  probably 
due  to  frie  **duster  effect",  characteristic  for  DRO's 

The  FWHM  linewidth  of  frie  signal  wave  with  998  nm  central  waveler^;th  was  10  nm,  and  13  ran  for  flic  corresponding 
idler  wave  wiflil  136  nmwavelengfli,  as  shown  in  Fig.  5.  The  calculated  Knewidths  with  (14)  at  X,- 998  run  (Xi=1136nm), 
andX,«900nm(Xj[*^  1301  nm)were  AX,«32nm  (AX^- 41  ran),  and  AX,  *9  ran  (AXj- 19  nm),  respectively.  The  oquession 
(14)  gives  correct  results  if  flie  shift  of  flie  cmtral  wavelengfli  of  flie  signal  Qdler)  line  flie  d^eneracy  wavdengflis  is  much 
larger  ttian  flie  signal  Qdlei)  linewidth. 
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Fig.5.  Spectnun  of  LBO  DRO  (Xg  =  998  nm,  Xj  =  1 136  ran). 


4.  CONCLUSIONS 

•  Analytical  esqjiessions  of^e  pump  peak  power  density  at  the  oscillation  flueshold  for  sii^e  pulse  pumped  SRO  and  DRO, 
DRO  signal  Oi(Qer)  wave  spot  size,  and  signal  (idler)  Unewidth  were  calculated. 

-  Tunable  doubly  resonant  OPO  with  LBO  crystal  was  built. 

-  Experimentally  measured  oscillation  direshold  pump  intensity  was  44  MW/cm^  for  33  mm  length  optical  cavity,  and 
29  MW/cm^  for  20  mm  length  optical  cavity. 

-  Signal  and  idler  output  energy  of  1.4  mJ  at  30  mJ  pump  pulse  energy  (Lq  =  35  mm),  and  1.51  mJ  at  18  mJ  pump  pulse 
energy  (Lq  =  20  rrun)  was  obtained. 

-  Diameter  of  the  OPO  signal  wave  near  degeneracy  was  032  mm  (Lq = 35  mm),  and  0.275  mm  (Lq = 20  mm). 

-  Data  points  of  signal  and  idler  wavelength  over  ^  tuning  range  (970-1 175  ran)  were  in  good  r^reement  die  calculated 

curve  1^  using  SeUmeier  equations. 

-  Linewidth  of  the  signal  Qdler)  radiation  at  998  nm  (1136  ran)  wavelength  was  10  nm  (13  nm). 
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ABSTRACT 


In  this  paper  we  report  an  indirect  method  based  on  photomultiplier 
response  calibration  to  measure  the  radiant  power  of  the  internal  second 
harmonic  generation  (ISHG)  from  InGaAs/GaAs/AIGaAs  strained  single 
quantum  well  buried  heterostructure  laser  diodes  (SQW  BH  LDs). 

We  observed  enhanced  ISHG  radiant  power,  of  the  order  of  magnitude 
of  10“^  W.  This  phenomenon  represents  a  signature  of  the  beginning  of  the 
process  of  catastrophic  optical  degradation  (COD)  of  the  LD  mirror  facet 
layers,  where  the  nonlinear  optical  interaction  occurs. 

KEYWORDS 


internal  second  harmonic  generation,  InGaAs/Ga As/AlGaAs  laser  diodes 

1.  INTRODUCTION 

In  the  thin  semiconductor  layers  adjacent  to  the  mirror  facets  of  high 
power  laser  diodes  the  nonlinear  optical  phenomenon  of  internal  second 
harmonic  generation  (ISHG)  takes  place. 

Two  major  mechanisms  share  their  contribution  to  the  cause  of  this 
phenomenon;  counterpropagating  nonlinear  optical  interaction'  and 
waveguiding^  in  the  laser  diode  active  region. 

The  efficiency  of  ISHG  by  the  waveguiding  effect  is  mainly  limited  by 
the  absorption  of  the  shorter  wavelength  second  harmonic  wave. 

ISHG  in  InGaAs/GaAs/AlGaAs  strained  single  quantum  well  buried 
heterostructure  laser  diodes  (SQW  BH  LDs),  emitting  around  950  nm, 
received  much  attention^-’  for  the  fact  that  the  second  harmonic  (SH) 
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radiation  originating  from  the  LD  mirror  layers  could  offer  some  important 
information  regarding  the  mirror  facet  temperature  and  risk  of  mirror 
catastrophic  optical  degradation  in  conditions  of  high  output  power  laser 
operation. 

In  Sec.  2  we  present  some  theoretical  considerations  concerning  the 
efficiency  and  the  mechanisms  of  ISHG  in  the  case  of  second  order 
nonlinear  optical  processes  for  III  -  V  semiconductor  compounds. 

Sec.  3  is  dedicated  to  sample  details  and  experimental  setup  while  in 
Sec.  4  we  report  the  conclusions  of  this  paper. 

2.  THEORY 


It  was  experimentally  observed  and  theoretically  confirmed  ^  that  two 
counterpropagating  light  waves  incident  on  the  interface  between  a  linear 
and  a  nonlinear  optical  medium,  in  a  total  internal  reflection  geometry, 
determine  the  formation  of  a  layer  of  nonlinear  polarization,  adjacent  to 
that  interface,  having  the  thickness  of  the  order  of  the  radiation 
wavelength. 

By  this  effect,  two  half-wave  harmonics  are  generated  as  emerging 
into  and  out  of  the  substrate.  This  phenomenon,  termed  as 
counterpropagating  nonlinear  optical  interaction,  was  also  studied  for  the 
particular  situation  when  the  nonlinear  medium  is  a  semiconductor'*. 

In  the  case  of  a  laser  diode,  such  a  nonlinear  optical  interaction 
occurs  at  the  interface  provided  by  the  mirror  facet. 

According  to  the  theory  of  counterpropagating  nonlinear  optical 
interaction,  the  thickness  of  the  semiconductor  material,  close  to  the  LD 
mirror  facet,  should  be  of  the  order  of  magnitude  of  the  fundamental 
wavelength  (i.e.  -  1  |J.m  for  our  LD’s). 

On  the  other  hand,  another  efficient  mechanism  for  second  order 
nonlinear  optical  processes  in  III  -  V  semiconductor  compounds  (that  have 
almost  zero  birefringence)  is  the  waveguiding  effect  for  quasi-phase¬ 
matching®  . 

The  efficiency  of  ISHG  by  waveguiding  is  limited  mainly  by  the 
absorption  of  the  shorter  wavelength  second  harmonic  wave. 

As  a  known  fact  of  SHG  theory,  the  dependence  of  the  SH  irradiance 

on  the  fundamental  wave  irradiance,  is  quadratic; 


(2^ 


nln2co 


(1) 


where  to  is  the  fundamental  wave  angular  frequency,  eo  is  the  vacuum 
dielectric  constant,  c  is  the  speed  of  light  in  vacuum,  is  the 
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second  order  nonlinear  optical  interaction  susceptibility,  and  «2<b 
the  refractive  indices  for  the  fundamental  and  the  second  harmonic  wave, 
respectively;  L  is  the  nonlinear  interaction  length,  Ak  is  the  phase  mismatch 
between  the  second  harmonic  and  the  two  input  fundamental  waves  involved 
in  the  process. 

The  irradiances  of  the  second  harmonic  and  fundamental  waves  are 
expressed  as: 


^(0,20 


P 

_  •*  fo,2<u 


(2) 


where  P  is  the  radiant  power  and  A  is  the  area  of  the  laser  cavity  cross 
section  of  overlap  between  the  interacting  waves. 

For  the  experiments  with  our  LD’s,  the  comparison  of  the  measured 
ISHG  radiant  power  with  the  theoretically  predictable  values  is  made 
according  to  equation  (1). 

In  our  analysis  we  assume  that  the  phase  matching  condition  0 

is  fulfilled. 

The  key  factor  for  the  enhancement  of  ISHG  emission  is  the  design  of 
a  LD  resonant  cavity  with  material  and  geometry  parameters  that  contribute 
to  the  increase  of  the  interaction  length  L,  according  to  the  nonlinear 
optical  mechanisms  that  determine  the  ISHG  emission. 


3.  SAMPLE  DETAILS  AND  EXPERIMENTAL  SETUP 


The  InGaAs/GaAs/AlGaAs  SQW  BH  LD  melt  etching  and  regrowth**, 
starting  from  a  basic  wafer  first  grown  by  molecular  beam  epitaxy.  An 
Ino,2Gao,8A.s  quantum  well  having  a  width  of  80  A  was  sandwiched 
between  100  A  wide  GaAs  spacer  layers  followed  by  AlGaAs  graded  index 
regions  and  cladding  layers.  The  InGaAs/GaAs  active  medium  buried  stripe 
had  a  width  of  ~  10  fim.  The  transversal  area  A  for  the  laser  wave  and 

second  harmonic  propagation  is  evaluated  to  be  of  20x10  m  . 

The  laser  cavity  length  is  of  740  |i,m  and  the  corresponding 
fundamental  emission  wavelength  is  of  952  nm. 

To  evaluate  the  order  of  magnitude  of  the  ISHG  radiant  power  /’2(o 
we  chose  a  simpler  measurement  method  based  on  the  calibration  of  the 
response  of  a  cooled  photomultiplier  tube  (PMT),  around  the  wavelength  of 
476  nm,  instead  of  the  standard  photon  counting  system. 

The  PMT  used  had  a  bialkali  photocathode  with  maximum  responsivity 
around  420  nm.  The  calibration  light  source  was  a  scientific  water  cooled 
Ar"^  laser  tuned  to  lase  at  the  476.6  nm  line. 

The  radiant  power  of  the  Ar"^  laser  light  was  first  measured  with  a 
Laser  Probe  Rm-6600  universal  radiometer  equipped  with  the  RkP-575 
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thermal  detector  head  having  flat  response  in  the  spectral  domain  from  0.4 
|Xm  to  3  |i.m. 

Care  was  taken  to  work  in  the  linear  response  regime  of  the  PMT,  at 

—  8 

incident  radiant  powers  around  10  W  (Figs.  1,  2). 


Fig.  1:  Setup  for  PMT  response  calibration  around  476  nm;  N.  D.  F.  is  a 
set  of  neutral  density  filters;  p.  s.  is  the  power  supply  for  PMT 


LD 

module 


Electrometer 


Fig.  2.  Arrangement  for  the  measurement  of  ISHG  radiant  power  with 
calibrated  PMT;  the  LD  module  is  figured  with  heat  sink  and  collimation 
optics;  F  is  a  wide-band  filter  for  visible  radiation 

The  electric  signal  from  the  PMT  was  measured  with  a  Keithley  6517 
electrometer.  The  background  dark  signal  was  properly  subtracted  in  our 
experiments. 

8 

We  observed  quite  high  P2(0>  of  the  order  of  10  W,  as  compared  to 

previously  reported  10  W  values  for  other  configurations  of  LD’s  using 
the  same  semiconductor  materials. 

The  power  of  the  second  harmonic,  /’2co,  higher  than  the  values 
theoretically  expected  occurs  at  relatively  increased  injection  currents  as 
preasented  in  Fig.  3 . 
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Up  to  70  mW  of  fundamental  wave  (FW)  power  varies  close  to 

the  linear  theoretical  dependence,  whereas  for  above  70  mW 
shows  an  upward  displacement  from  theory,  as  can  be  seen  from  Fig.  4. 
This  has  been  previously  proved^  to  be  accompanied  by  an  alteration  of  the 
near-field  ISHG  pattern  and  it  indicates  various  changes  occurring  to  the 
LD  mirror  facet,  of  which  the  most  important  to  evaluate  is  the  undesired 
temperature  increase. 


Fig.  3.  The  dependence  of  the  measured  (dashed  line,  full  circles)  on 
P„,  compared  to  the  theoretical  curve  (solid  line,  hollow  circles)  calculated 
for  an  interaction  length  of  1.15  ^im 

For  the  type  of  LD  we  studied,  mirror  temperatures  were  measured^ 
as  being  always  in  excess  with  respect  to  the  active  layer  temperature  for 
injection  currents  above  threshold. 

The  mirror  temperature  approaches  a  linear  dependence  on  the 
injection  current. 

It  was  found  that  the  excess  mirror  temperature  gets  higher  for  a 
narrower  active  domain  stripe.  This  the  case  of  the  LD’s  here  presented, 
which  have  an  active  layer  width  of  about  10  pm. 
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The  results  we  present  in  Figs.  2  and  3  complete  the  picture  on  the 
mechanisms  that  determine  the  degradation  of  LD  mirrors  during  high 
current  injection  operation. 

Increased  injection  current  determines  a  higher  excess  mirror 
temperature  which  results  in  a  local  increase  of  absorption  in  small  area 
within  the  mirror  layer. 

This  fact  leads  to  a  reduction  of  reflectivity  in  that  domain  and, 
consequently,  to  an  increase  of  fundamental  wave  radiant  power  density,  as 
a  beginning  for  the  conditions  of  catastrophic  optical  degradation;  the 
increase  of  optical  power  density  is  closely  monitored  by  a  increase  of 
fundamental  wave-to-second  harmonic  conversion  efficiency  in  the  small 
area  on  the  end-mirror-facet. 


Fig.  4.  Representation  of  ■\[^^  versus  from  both  measurement  data 

(dashed  line,  full  circles)  and  theoretical  calculation  (solid  line,  hollow 
circles) 


4.  CONCLUSIONS 


The  observed  deviation  of  the  experimental  radiant  power  of  the 
internal  second  harmonic  generation  from  InGaAs/GaAs/AlGaAs  strained 
single  quantum  well  buried  heterostructure  laser  diodes  with  respect  to  the 
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values  theoretically  expected  (Figs.  3,  4),  for  injection  currents  higher 
than  ~  600  mA,  is  a  signature  of  the  excess  of  mirror-facet  temperature 
increase. 

The  excess  of  internal  second  harmonic  generation  radiant  power, 
measured  by  a  relatively  simple  method,  gives  us  information  about  the 
beginning  of  optical  power  density  increase  on  the  mirror  and,  at  the  same 
time,  about  the  injection  current  values  that  enhance  the  risk  of 
catastrophic  optical  degradation. 
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ABSTRACT 

A  theoretical  investigation  is  reported  of  steady-state  nonlinear  transmission  of  resonant  laser  radiation  by  a  thin 
semiconductor  film  under  the  conditions  of  two-pulse  generation  of  excitons  and  biexcitons.  The  equations  of  state 
axe  derived  for  the  description  of  bistable  behavior  of  the  amplitudes  of  the  transmitted  pulses  and  of  the  quasiparticle 
concentration,  depending  on  the  parameters  of  the  exciting  fields.  The  criteria  of  existence  of  an  optical  bistability 
axe  determined. 

Keywords:  thin  films,  optical  bistability,  excitons 

!•  INTRODUCTION 

It  is  known^  that  a  wide  spectrum  of  nonlinear  optical  effects,  including  cavity-free  optical  bistability,  can  appear 
in  a  thin  film  consisting  of  two-level  atoms.  Since  a  variety  of  nonlinear  mechanisms  can  occur  in  semiconductors, 
and  since  their  relaxation  times  axe  short  and  their  nonlinear  susceptibilities  are  high,  one  can  expect  striking 
manifestations  of  such  effects  specifically  in  semiconductor  films. 

We  shall  report  a  theoretical  study  of  resonatorless  optical  bistability  observed  in  the  transmission  by  a  thin 
semiconductor  film  (TSF)  under  the  conditions  of  generation  of  coherent  excitons  and  biexcitons  by  photons  belonging 
to  two  different  pulses.  We  shall  consider  simultaneously  two  quantum  transitions  (two  channels),  in  the  exciton 
range  of  spectrum  and  in  the  region  of  the  M-band,  which  occur  under  the  influence  of  photons  from  two  different 
pulses.  The  M  luminescence  band  is  the  residt  of  optical  exciton-biexciton  conversion  and  is  shifted  towards  longer 
wavelengths  relative  to  the  exciton  absorbtion  band  by  an  amount  equal  to  the  biexciton  binding  energy.^  In 
CuCl-type  crystals,  the  biexciton  binding  energy  is  of  the  order  of  40  meV,  so  that  a  transition  in  the  M-band 
region  is  characterized  by  a  considerable  detuning  of  a  resonance  from  a  transition  in  the  exciton  range  of  spectrum. 
Moreover,  the  giant  oscillator  strange  of  the  exciton-biexciton  conversion  process^  may  favor  the  appearance  of 
optical  nonlineaxities  even  at  moderate  levels  of  excitation  of  a  crystal-  Therefore,  we  shall  ignore  the  interpaxticle 
interaction  effects. 


2.  HAMILTONIAN  AND  BASIC  EQUATIONS 

We  shall  assume  that  a  TSF,  located  in  vacuum,  is  exposed  to  two  normally  incident  monochromatic  laser  pulses 
with  the  electric  field  envelopes  Eoi  and  E02  varying  slowly  with  time  and  with  the  photon  frequencies  and 
respectively.  Photons  from  one  of  the  pulses  are  in  resonance  with  the  frequency  of  an  exciton  transition  and  the 
photons  from  the  other  pulse  axe  in  resonance  with  the  frequency  of  a  transition  in  the  M-band  region.  We  shall  also 
postulate  that  the  film  thickness  L  is  considerably  less  than  the  incident  radiation  wavelength.  We  shall  consider  one 
macroscopically  filled  mode  of  coherent  photons  for  each  of  the  pulses  and  one  mode  each  of  coherent  excitons  and 
biexcitons,  with  their  its  own  wave  vector  and  freqiiency.  The  interaction  of  the  radiation  fields  with  the  excitons 
and  biexcitons  in  a  semiconductor  can  be  described  by  the  Hamiltonian^ 

H  =  +  aEf )  -  (1) 

where  a  and  b  axe  the  amplitudes  of  the  exciton  and  biexciton  waves,  respectively;  and  EJ"  are,  respectively,  the 
positive-  and  negative-frequency  components  of  the  electric  field  of  the  i-th  pulse  (t  =  1,2);  ^  is  the  constant  of  the 
interaction  excitons  with  the  field;  a  is  the  constant  of  the  optical  exciton-biexciton  conversion  proems. 

The  Hamiltonian  (1)  yields  readily  the  Heisenberg  (material)  equations  for  the  amplitudes  a  and  b: 

ia  =  (jjQa  —  i'yea  —  gE^  —  abE^y  ib  =  ^ob  —  i'ymb  -*  <raE^,  (2) 
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Fig.  1.  Bifurcation  curves  in  the  parametric  space  (Xi,  X2) 
calculated  for  Ci  =  C2  =  10. 


where  t«;o  ^0  arc  the  self-frequencies  of  the  exciton  and  biexciton  states,  respectively;  7e  and  7^  are  the  phe¬ 
nomenologically  introduced  damping  constants  of  the  exciton  and  biexciton  modes,  respectively. 

Our  task  is  to  determine  the  amplitudes  of  the  fields  of  the  pulses  transmitted  by  the  film,  E\  and  .E2,  when 
the  amplitudes  of  the  pulses  incident  on  the  TSF,  and  £t)2,  are  given.  We  find  from  the  Hamiltonian  (1)  and 
from  the  boimdary  conditions  postulating  constancy  of  the  tangential  components  of  the  fields  at  the  film- vacuum 
interface  that 

=  Eoi  exp{iu)ii)  -h  taipa,  E^  =  E02  exp(uj2<)  +  ta2<Ta‘^6,  (3) 

where  aj  =  2'KhLJiL/c]  Q2  =  2'Kfi(jj2Llc.  The  set  of  equations  (2)  and  (3)  solves  the  problem  formulated  above. 


3.  MAIN  RESULTS  AND  DISCUSSION 

Next,  we  shall  introduce  dimensionless  quantities  Yi  =  aEyf'y^  Y2  =  <r  1^2/7,  Xi  =  aEoyfy^  X2  =  <tJ5o2/7, 
C\  =  OL\^  C2  =  C)t2Q^ For  simplicity,  we  assume  here  that  7^  =r  7^1  =  7«  Equating  to  zero  the  derivatives 
a  and  6,  under  the  conditions  of  exact  resonance,  =  u)q  and  Uj  -f  cj2  =  we  obtain  the  following  steady-state 
equations  of  state: 


1  +  Cl  “h 


XI 


•  4 

FJ 


N  = 


Xi 


X,  =  Yt 


(1  +  C2ny 


n, 


(1  -j-  C2n) 


(4) 


(5) 


where  n  =  (<T/p)^|ap  and  N  =  ((t/^)^|6P  are  the  normalized  densities  of  coherent  excitons  and  biexcitons,  respec¬ 
tively. 

We  shall  determine  the  range  of  values  of  the  pump  amplitudes  Xj  and  X2  in  which  the  densities  of  excitons  n 
and  biexcitons  as  well  as  the  amplitudes  of  transmitted  pulses  Yj  and  Y2 ,  can  be  multivalued  functions  of  Xj  and 
X2.  The  boundaries  of  saddles  in  the  parametric  space  (Xi,X2)  are  defined  by  the  following  system  of  parametric 
equations: 


v2 _ 4C'2n(l  -f  Cl)] 

ZC^n-l  J  ’ 


Xi  = 


(1  +  C,)(l  +  C2n)» 
3C2n  —  1 


(6) 


(curve  1  in  Fig.  1).  We  shall  now  consider  the  stability  of  oiu*  steady- state  solutions.  A  system  of  parametric 
equations 


--  n  r j^2  _  (2  -f  Cl  +  C2n)(l  -h  C2n)^ 


C2n 


j 


C2n 


(7) 


determines  the  stability  boundary  of  nonsaddle  singularities  (curve  2  in  Fig.  1).  The  resultant  bifurcation  curves 
split  the  parametric  space  (Xi,X2)  into  three  regions.  In  region  I  there  is  one  singularity,  namely,  a  stable  focus; 
in  region  II  there  are  three  singularities,  one  of  whidi  is  stable  and  the  other  two  unstable;  finally,  in  region  III 
there  are  two  stable  solutions  and  a  saddle- type  singularity.  The  vertex  of  the  ’^peak”  in  Fig.  1  has  the  coordinates 
Xic  =  2(1  +  Cy)/V€i,  X2c  =  2y/T+C-^. 
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Fig.  2.  Hysteretic  dependencies  of  the  amplitude  Yi  of  the 
output  radiation  in  the  exciton  part  of  spectrum  (a)  and 
of  the  amplitude  Y2  of  the  output  radiation  in  the  M-band 
region  (b)  on  the  pump  amplitude  X2  in  the  Af-band  region, 
calculated  for  X\  =  20  and  Ci  =  C2  =  10. 


Y2 


Yi 


Fig.  3.  Hysteretic  dependencies  of  the  amplitude  Yi  of  the 
output  radiation  in  the  exciton  part  of  spectrum  (a)  and 
of  the  amplitude  Y2  of  the  output  radiation  in  the  M-band 
region  (b)  on  the  pump  amplitude  Xi  in  the  exciton  range 
of  spectrum,  calculated  for  X2  =  20  and  Ci  =  C2  =  10. 


It  therefore  follows  that  hysteretic  dependencies  of  the  amplitudes  of  the  transmitted  fields  and  of  the  quasipar¬ 
ticle  concentrations  on  the  pump  amplitudes  are  observed  when  excitons  and  biexcitons  generated  resonantly.  An 
important  factor  is  that,  apart  from  the  constant  quantities  Ci  and  ^2,  the  bistability  parameters  are  the  actual 
amplitudes  Xi  and  X2  of  the  incident  pulses.  When  one  of  these  pump  amphtudes  is  fixed,  a  change  in  the  pump 
amplitude  in  the  second  channel  makes  it  possible  to  control  nonlinear  transmission  in  both  channels. 

Let  us  now  consider  possible  types  of  hysteretic  dependencies.  We  shall  begin  with  the  behavior  of  the  functions 
ki(-X^2)  1^2 (^2)  at  a  fixed  value  of  Xy,  We  shall  transform  Eqns  (5)  to  the  equations  of  state  relating  the 

amplitudes  of  the  input  fields  Xy  and  X2  to  one  of  the  output  amplitudes: 


X2  = 


jl +  Cy)Yy  ^Xy 

Xy-Yy 


l  +  ^{Xr-Y{f 


Xi 


=  ^2(1  + 


CiX't 


{i  +  c,  +  Yiy 


)■ 


(8) 


The  dotted  curves  in  Fig.  2  represent  expressions  (8)  and  the  solid  lines  obtained  by  numerical  solution  of  a 
relevant  system  of  equations  on  the  fissumption  that  Xy  =  20  and  that  X2  is  a  triangular  pulse  with  a  maximum 
normalized  amplitude  X20  =  45  and  of  width  5007“"^ .  The  values  of  the  pump  amplitude  X2  in  the  M-band  region, 
where  switching  takes  place  from  one  branch  to  another,  can  be  found  graphically  from  Fig.  1.  The  behavior  of 
the  function  yi(X2)  and  y2(X2)  has  a  simple  physical  explanation.  At  X2  =  0  the  transitions  occur  only  in  the 
exciton  range  of  spectrum  (first  channel)  and  this  determines  the  output  amplitudes  Yy  =  Xy  / {1  Cy)  and  Y2  0. 
An  increase  in  the  pump  amplitude  X2  in  the  M-band  region  results  in  conversion  of  an  increasing  proportion  of 
exdtons  into  biexcitons  and,  at  the  of  switching  to  the  upper  branch,  the  number  of  excitons  in  the  TSF  falls  to 
zero  and  the  biexciton  density  rises  strongly.  When  X2  is  increased  still  further,  the  exciton  density  remains  zero 
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and  the  biexciton  density  falls  monotonically  to  zero  in  the  range  X2  ^  .  This  saturation  effect  makes  the  film 

transparent  and  this  occurs  in  both  channels. 

The  field  amplitudes  and  at  the  output,  considered  as  a  function  of  the  input  field  amplitude  -Yi  in  the 
exciton  part  of  spectrum  when  the  pump  X2  in  the  Af-band  region  is  fixed,  are  described  by  the  following  equations 
of  state  deduced  from  Eqns  (5): 

Fig.  3  illustrates  the  case  which  is  the  reverse  of  that  just  discussed:  the  dependencies  yi(A’j)  and  l2(-^i) 
calculated  numerically  (solid  lines)  and  analytically  (dotted  curves)  on  the  basis  of  equations  (9)  assuming  that 
X2  =  20  and  that  X\  varies  adiabatically  slowly  from  0  to  45.  It  is  evident  from  Fig.  3  that  for  JYi  ==  0  the  output 
signal  Y2  is  equal  to  X2,  whereas  in  the  absence  of  excitons  the  incident  pulse  in  the  M-band  region  is  transmitted 
by  the  film  under  total  transparency  conditions.  So  long  as  X\  <  JY2,  all  the  excitons  generated  in  the  TSF  are 
converted  into  biexcitons.  Therefore,  as  X\  increased,  the  amplitude  Y2  falls  very  slowly,  whereas  Yi  rises  almost 
linearly.  A  further  increase  m  Xi  results  in  an  abrupt  jump  in  the  exciton  density  and  a  reduction  in  the  biexciton 
density,  the  role  of  saturation  becomes  much  weaker,  and  the  behavior  of  the  output  radiation  amplitudes  is  governed 
solely  by  transitions  in  the  exciton  range  of  spectrum.  In  the  limit  Xi  ^  X2,  we  obtain  l2  =  0,  Fi  Xi/{1  -f  (7i). 

4.  CONCLUSIONS 

We  shall  conclude  with  estimates  of  the  relevant  quantities.  In  the  case  of  CuCl,  we  have^  7  10’^  s’'^ ,  g  =  5- 10'® 

cgs  csu,  a  =  5*10'®  cgs  esu,  fujJi  «  ^2  =  5*10^'^  erg.  However,  if  L  =  10“®  cm,  we  have  Ci  «  C2  10.  These  values 
of  the  parameters  Cj  and  C2  correspond  to  the  critical  values  of  the  normalized  amplitudes  Xic  ^  -^2c  ^  Xcr  =  7.  The 
pump  intensities  at  which  resonatorless  optical  bistability  can  occur  should  be  of  the  order  of  /  =  c'yX^^/SncT^  ^  20 
kW/cm^.  Using  computer  simulations  we  found  that  the  switching  times  from  one  steady  state  to  another  no  more 
than  10  ps. 

It  follows  from  the  above  that  the  TSF  can  operate  efficiently  as  a  bistable  integrated- optical  switching  cell  when 
excitons  are  generated  resonantly  in  the  film  and  are  simultaneously  converted  into  biexcitons  by  photons  from  two 
different  pulses.  Figures  2  and  3  made  it  clear  that  the  output  of  one  channel  is  governed  by  pumping  not  only  of 
this  channel,  but  also  of  the  other  channel.  This  presents  an  opportimity  for  controlling  bistable  behavior  of  the  first 
beam  by  the  second. 
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ABSTRACT 

A  study  is  reported  of  the  influence  of  the  saturation  of  the  dipole  momentum  of  an  exciton  transition  on  transient 
transmission  of  ultrashort  laser  pulses  by  a  thin  semiconductor  film  in  the  exciton  range  of  spectrum.  It  is  shown  that 
when  rectangular  pulses  of  resonant  laser  radiation  are  incident  on  the  film,  a  threshold- type  qualitative  change  in 
the  transmission  by  the  film  takes  place  from  almost  total  reflection  at  low  level  of  excitation  to  complete  bleaching  at 
high  values  of  the  incident  pulse  amplitude.  An  analogue  of  the  McCall- Hahn  area  theorem  is  derived  for  ifitrashort 
pulses  interacting  with  the  film.  When  the  nonlinear  parameter  is  large,  the  dependence  of  the  area  of  a  pulse 
transmitted  by  the  film  on  the  area  of  an  incident  pulse  becomes  multivalued. 

Keywords:  thin  films,  ultrafast  phenomena,  excitons 

1,  HAMILTONIAN  AND  BASIC  EQUATIONS 

The  interaction  of  ultrashort  light  pulses  with  a  thin  film  consisting  of  two-level  atoms  gives  rise  to  a  number  of 
interesting  effects,^ which  are  not  typical  of  bulk  resonant  media.  In  particular,  a  nonlinear  relationship  between  the 
field  of  an  optical  wave  transmitted  by  a  film  and  the  optical  properties  of  a  resonant  medium  gives  rise  to  cavitylcss 
optical  bistability.®  It  therefore  seems  desirable  to  investigate  nonlinear  optical  properties  of  tliin  semiconductor 
films  (TSFs),  since  semiconductors 

We  shall  report  a  theoretical  investigation  of  the  nonlineai*  transmission  and  reflection  of  ultrashort  laser  pulses 
by  a  thin  semiconductor  film  (TSF)  in  the  exciton  range  of  spectrum  taking  into  account  the  saturation  effect 
of  the  exciton  dipole  momentum  and  the  exciton-photon  interaction.  An  ultrashort  laser  pulse  with  electric-field 
envelope  Ei{t)  and  with  a  carrier  frequency  a?,  which  is  in  resonance  with  an  exciton  self-frequency  cuq?  Is  assumed 
to  fall  normally  on  a  TSF  located  in  vacuum.  The  TSF  thickness  L  satisfies  the  inequality  co  L  A,  where 
ao  is  the  Bohr  radius  of  a  free  exciton  and  A  is  the  wavelength  of  the  incident  light.  It  is  assumed  that  the  pulse 
duration  T  is  shorter  than  the  exciton  relaxation  time  Trei,  but  much  longer  than  period  of  oscillations  of  the  wave 
-C  T  -C  Trei).  Under  these  conditions  the  relaxation  processes,  responsible  for  the  real  (dissipative)  absorption 
of  light,  are  too  slow  to  be  significance.  Coherent  photons  in  the  pulse  £?<,  transmitted  by  the  TSF  excite  coherent 
excitons  with  the  same  wave  vector  and  phase,  and  interact  with  the  latter.  Radiative  recombination  of  excitons 
then  returns  energy  to  the  transmitted  pulse,  which  distorts  the  pulse  envelope.  The  interaction  of  the  wave  field 
with  excitons  is  described  by  the  Hamiltonian 

H  =  -hgia-^E^^  -I-  aE^)  +  +  a+aaE“),  (1) 

where  E"^  and  E"  are  respectively,  the  positive-  and  negative-frequency  components  of  the  wave  field;  a  is  the 
amplitude  of  the  exciton  wave.  The  constant  g  describes  the  linear  exciton-photon  interaction  and  the  represents 
the  influence  of  saturation  of  the  exciton  dipole  moment  of  a  transition  at  high  level  of  excitation.  The  saturation 
effect  is  the  result  of  collective  processes  of  the  emission  and  absorbtion  of  light  in  a  high-density  system  of  excitons. 

Eqn  (1)  readily  leads  to  the  following  Heisenberg  equation  of  motion  for  the  exciton  wave  amplitude  a  and  to 
expression  for  the  exciton  polarization  of  the  medium  P"*" 

ia  =  uoa  —  gE"^  -h  2fia^aE'^  -f-  fiaaE‘“ ,  (2) 

P+  =  h{ga  —  fxa^aa),  (3) 

The  set  of  equations  (2)  and  (3)  must  be  supplemented  by  electrodynamic  relationships  between  the  amplitudes  of 
the  incident  (E^)^  transmitted  (P"*'),  and  reflected  {E:jr)  pulses^’^: 

E+  =  Ef  +  E+  =  E+-  Ef.  (4) 
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Let  us  represent  the  amplitudes  of  the  pulses  by  E'^  ~  Et  exp(— twt),  E"^  =  Ej  exp(-ta;<),  E^  =  Erexp{-iu)i). 
The  adoption  of  dimensionless  quantities  x  =  y/nu^  y  =  y/nv^  k  :=  fi/g^  r  ^  —  wo)'ro,  Fq  =  y/ngroEi^ 

Ft  =  y/iigToEt,  Fr  =  y/ngroEry  where 

Tq^  =27rh(jjLg^/c^  (5) 

and  the  use  of  Eqns  (2)- (4)  yield  a  system  of  equations  for  determination  of  the  normalized  envelopes  of  the  trans¬ 
mitted  Ft  and  reflected  Fr  pulses  for  a  given  pump  amplitude  Fq: 

^  =  -Sy  -  ,t(1  -  -h  2xyFo, 

^  =  <5a:  -  v(l  -  *2  _  j,2)2  ^  (1  _  3^.2  _ 

Ft  =  Fo  -  y(l  -  x2  _  yi)  +  ii(i  _  _  j/2), 

F,  =  -y(l  -  as^  _  j/2)  +  ia;(i  _  a;2  _  y2). 


2.  MAIN  RESULTS  AND  DISCUSSION 

Let  US  assume  that  during  a  time  interval  T  the  film  interacts  with  a  pulse  of  cx)nstant  amplitude  Fq  =  const.  At 
low  excitation  rates  [Fq  1),  the  solution  of  the  set  of  equations  (6)  gives: 


1-^11  = 
|i"r|  = 


2&e  ’■smir  +  iS^)  '  , 

(7) 

:  “S?--!:..  (e~^^  —  26”“^  cos<5r  -h  l)^^^  . 

n/1  +  ^2  ^  ’ 

(8) 

Consequently,  if  ^  ^  0  the  amplitudes  |Ft|  \Fr\  oscillate  and  decay,  approaching  asymptotically  the  steady-state  am¬ 
plitudes  Fo5/\/l  +  and  Fo/\/l  +  <5^,  respectively.  At  the  exact  resonance  {S  =  0)  the  amplitude  of  the  transmitted 
pulse  falls  exponentially  to  zero  and  the  amplitude  of  the  reflected  pulse  rises  cx)rrespondingly  to  Fq. 

We  shall  now  investigate  the  characteristic  features  of  the  interaction  of  an  ultrashort  light  pulse  with  a  TSF  at 
various  excitation  levels.  If  we  assume  that  initially  (r  =  0)  there  are  not  excitons  in  the  film  (a:(0)  =  t/(0)  =  0),  then 
at  the  exact  resonance  {S  =  0)  it  follows  from  the  system  (6)  that  a:  =  0  and  this  system  of  equations  reduces  to: 


Ft  =  Fo  -  y(l  -  y"),  (9) 


Fr  =  -y(l  -  y2). 


An  analysis  of  the  system  of  equations  (9)  shows  that  the  transmission  by  a  TSF  is  of  different  nature  for  Fo  <  F^r 
and  Fo  >  Fcr,  where  Fcr  =  2>/3/9.  The  reason  for  this  is  that  if  Fq  <  Fcr,  then  eqtiation  Fo  -  y  -f  =  0  has  three 
real  roots,  but  if  Fq  >  Fcr  it  has  only  one  root  and  that  root  is  negative. 

Therefore,  if  Fq  <  Fcr,  our  system  evolves  in  such  a  way  that  y(r)  approaches  the  smallest  positive  root  of  the 
equation  Fq  -  y  4-  y^  =  0.  For  Fq  <  Fcr,  the  roots  of  this  equation  are  given  by 


2  27r-f(^  2  ATC^tp  2  p 


(10) 


where  (p  =  arccos(3\/3Fo/2),  and  yj  >  y2  >  0  >  ya.  We  then  readily  obtain  the  implicit  dependence  y(T)  for 
Fo  ^  Fcr*  .  . 

For  =  arthy  +  C]  In  ^1  —  +  C2  In  +  Cz  In  ^  j  ,  (11) 


where 


yi 


[vi  “y2)(yi  -yz) 


,C2  =  - 


y2 


(yi  ~y2)(y2  -yz) 


,C3  = 


yz 


(yi  -y3)(y2  -ya)* 


(12) 
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Fig.  1.  Evolution  of  the  normalized  amplitude  Et/Ei  of  a 
transmitted  pulse,  plotted  for  different  pump  amplitudes 
Fo  =  0.2  (J),  0.4  (2),  0.6  (3),  and  0.8  (4). 
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It  follows  from  the  above  solution  that  the  fimction  ^(t)  rises  monotonically  and  it  approaches  asymptotically  the 
smallest  of  the  positive  roots,  i.e.  y2* 

If  Fo  >  Fcr  the  equation  Fo  —  y  +  =  0  has  one  real  (negative)  root  and  two  complex  roots: 

«  =  =  (13) 

where  tp  =  arch(3\/3J()/2).  The  solution  of  the  system  can  then  represented  in  the  form 


For  =  aithj/  + 


H  - 1 


J/i  In  ( 

-fln( 

L 

yij 

2  \ 

+  +y?- 


y\ 


- 1 


0 


+ 


I  3t/?-2 


2y  +  yi 


—  arctg 


— 


(14) 


It  follows  from  the  above  solution  that  the  function  y(r)  rises  monotonically  with  time  and  tends  asymptotically  to 
unity. 


The  evolution  of  the  transmitted  and  reflected  pulses  at  the  exact  resonance  can  be  investigated  on  the  basis  of 
Eqns  (10)- (14).  Fig.  1  gives  the  time  dependencies  of  the  normalized  amplitude  EtIEi  of  a  pulse  transmitted  by 
a  TSF  for  various  pump  amplitudes.  We  can  see,  that  if  Fq  <  Fcr,  the  envelope  of  the  transmitted  pulse  decays 
monotonically  with  time  and  vanishes  for  r  ^  1.  Consequently,  the  transmission  of  wealc  pulses  by  a  TSF  ceases 
rapidly,  so  that  the  incident  light  is  almost  totally  reflected.  If  Fq  >  Fcr,  he  amplitude  of  the  transmitted  pulse  first 
falls,  reaches  its  minimum,  and  then  rises  again,  becoming  equal  to  the  amplitude  of  the  incident  pulse.  This  means 
that  the  TSF  becomes  toteilly  bleached  because  of  saturation  of  the  dipole  moment  of  the  transition.  In  this  bleached 
state,  the  incident  pulse  crosses  the  TSF  as  if  it  were  an  absolutely  transparent  medium.  The  width  and  depth  of  a 
dip  in  the  envelope  of  the  transmitted  pulse  decrease  with  increase  in  the  transmitted  pulse  amplitude. 


We  can  therefore  draw  the  conchision  that  when  rectangular  pulses  of  resonant  laser  radiation  are  incident  on  a 
TSF,  a  threshold-type  qualitative  change  in  the  transmission  by  the  film  takes  place  from  almost  total  reflection  at 
low  amplitudes  Fo  to  complete  bleaching  at  high  values  Fq.  Since  Ey  =  Et  —  Fj,  it  follows  that  when  the  incident 
pulse  amplitude  is  higher  than  the  critical  value,  a  dome-shaped  ultrashort  pulse  is  formed  by  reflection. 


It  is  not  possible  to  solve  with  analytic  rigor  the  system  of  equations  (6)  for  an  arbitrary  incident  pulse  profile 
and  a  finite  detuning  from  a  resonance.  Nevertheless,  the  simplicity  of  the  physical  model  makes  it  possible  to  derive 
fairly  general  relationships  relating  the  areas  of  the  incident  (dj),  transmitted  (^f),  and  reflected  (^r)  pulses  in  the 
case  of  an  inhomogeniously  broadened  exciton  resonance  line.  The  pulse  area  is  defined  as  ^  =  y/tig  f  E(t)cit.  Then, 
in  the  absence  of  phase  modulation  of  the  envelopes  of  the  fields  of  the  pulses,  the  adoption  of  integral  quantities  in 
Eqns  (2)  to  (4)  gives 


^ 


^1  —  ~  tanh^ 


tanh^t, 


(15) 


+  =  /9-7rTo^f(0), 


(16) 
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Fig.  2.  Dependence  of  the  area  Bt  of  a  pulse  transmitted 
by  the  film  on  the  area  Oi  of  an  incident  pulse,  plotted 
for  different  values  of  the  nonlinear  parameter  p  =  0.1 
(I),  1.0  (2),  \M  (3),  and  10.0  (4). 


where  /(O)  is  the  inhomogenioiis  broadening  of  the  exciton  level  expressed  in  terms  of  /(A)  when  the  detuning 
is  A  =  0.  Expressions  (15)  and  (16)  relate  the  areas  of  the  incident,  transmitted,  and  reflected  pulses,  and  they 
represent  an  analogue  of  McCall- Hahn  area  theorem^  for  ultrashort  pulses  of  resonant  laser  radiation  interacting 
with  a  TSF  in  the  exciton  spectral  range.  The  area  9%  of  the  transmitted  pulse,  considered  as  a  function  of  the 
area  9i  of  the  incident  pulse,  is  plotted  in  Fig.  2.  We  can  see  that,  if  nonlinear  parameter  p  is  small,  the  area  Ot 
increases  almost  linearly  with  9i,  However,  if  this  parameter  is  ^  >  40/9  Pii  4.44,  then  in  a  certain  range  of  values  of 
9i  the  dependence  9t{9i)  becomes  multivalued,  i.e.  there  is  an  abrupt  change  in  the  transmitted  pulse  area  when  the 
incident  pulse  area  is  altered.  The  width  of  this  range  of  values  of  9i  increases  as  the  parameter  p  increases. 


3.  CONCLUSIONS 

We  shall  conclude  with  some  numerical  estimates  obtained  for  a  CuCl  crystal.  Expression  (5)  gives  the  charac¬ 
teristic  time  To  of  the  changes  in  the  amplitudes  of  the  transmitted  and  reflected  pulses.  If  we  assume  that  cj  =  3.18 
and  (^  =  5  *  10^®  egs  esu,^  we  find  that  for  a  film  L  =  4  •  10”®  cm  thick  the  time  is  To  ~  10”^^  s.  The  critical  value 
Fcr  =  2\/3/9  «  0.4  corresponds  to  the  incident  light  intensity  /  =  F^JdiTrng^  MW/cm^.  If  we  assume  that 

the  inhomogenioiis  broadening  function  /(A)  of  an  exciton  level  is  Gaussian  and  that  its  spectral  half- width  is  Ao, 
we  find  that  the  nonlinear  parameter  is  ^  =  \/^/AoTo.  If  we  assume  that  Ao  ~  1  meV,  we  find  that  p  ~  10. 
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ABSTRACT 

Several  image  encryption  methods  have  been  recently  considered  (Opt.  Eng.  35,  Sept.  1996).  This  paper  presents  a 
new  image  enciphering  method  starting  from  the  mixing  transformations  suggested  by  C.E.  Shannon  for  natural  language. 

There  are  two  ways  in  which  images  are  involved  here;  first,  as  a  means  of  visual  perception  of  the  mixing 
transformation  features  (the  very  sophisticated  diffusion  and  conjusion)\  secondly,  as  the  application  field  itself. 

Both  the  theoretical  and  experimental  aspects  pointed  out  here  show  the  high  quality  of  this  method  of  image 
enciphering. 

The  method  illustrations  were  made  either  for  simulated  images  with  different  probability  laws  and  autocorrelation 
fimctions,  or  for  natural  images. 

Keywords:  image  enciphering,  cryptographic  mixing  transformations,  difiusion,  confusion,  simulated  random  images 

1.  INTRODUCTION 

This  paper  deals  with  a  new  method  for  image  enciphering,  which  relies  on  some  Shannon's  suggestions 
concerning  the  usefulness  of  the  mixing  transformations  in  the  construction  of  good  practical  ciphers.*  Thus,  in  his  famous 
work  on  cryptography,  Shaimon  proposed,  for  natural  language  purposes,  the  following  chain  of  secrecy  systems  considered 
to  be  computationally  secure; 


TkFSjFRi,  (1) 

where  Tk,Ri  stand  for  simple  ciphers  of  transposition  type,  Sj  stands  for  a  substitution  type  cipher,  and  F  is  the  so  called 
mixing  transformation.  Concerning  F  ,  Shaimon  also  suggested  a  formula; 

F  =  LSLSLT,  (2) 

where  L,S  and  T  are  deterministic  transformations,  easily  to  be  applied;  T  is  a  transposition,  S  is  a  substitution,  and  L 
is  a  linear  averaging  operation  described  by  Eq.  (3) 

F-1 

yj  =  'Zxj+i  vaodq .  (3) 

j=0 

Eq.  (3)  means  that  summing-up  P  successive  pixels  from  the  input  image,  and  then  applying  mod  q  to  this 
result  we  obtain  a  value  for  the  output  image.  The  P  value  from  Eq.  (3)  represents  the  mixing  transformation  parameter. 

Note  that  a  key  for  secrecy  system  (1)  is  specified  by  the  group  of  the  three  keys  (r*,Sy,/^  )  of  the  respective 
elementary  ciphers. 

Relations  (l)-5-(3)  show  that  there  are  no  practical  problems  when  applying  the  F  function;  yet,  the  final  effect  is 
remarkable,  namely  the  computational  security.  This  success  accomplished  ^  transformation  chain  (1)  is  based  upon  the 
combination  of  two  concepts;  diffusion  and  confusion. 

Here  we  applied  the  same  type  of  enciphering  system  (1)  (3),  but  for  image  purposes.  We  also  developed  some 
variants  for  the  mixing  transformations,  necessary  to  this  new  application  field.  Besides,  the  paper  presents  a  study  of  the 
meaning  of  diffusion  and  confusion  involved  in  (1)  +  (3)  when  applied  to  images. 

Note  that  diffusion  and  confusion  are  very  sophisticated  concepts  and  there  are  a  few  details  in  the  literature 
regarding  their  operation,  even  for  natural  language  purposes.*  However,  Shannon's  suggestions  concerning  the  mixing 
transformations  were  efficiently  turned  into  practice  in  developing  some  very  good  ciphers  (e.g.  Data  Encryption  Standard). 

Diffusion  spreads  the  redundancy  of  the  original  image  over  long  units  of  image,  involving  long  combinations  of 
pixels  in  the  enciphered  image.  Confusion  leads  to  a  very  complicated  description  of  the  dependency  of  the  key  on  the  pair 
message-cryptogram.  Finally,  these  two  discourage  the  cryptanalyst  in  his  trials  to  get  quicklier  to  the  solution. 
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In  this  paper  images  are  used  in  two  ways:  first,  as  a  means  of  providing  a  visual  perceptions  of  diffusion  and 
confiision  (we  developed  some  procedures  with  this  aim);  secondly,  as  the  application  field  itself  Notice  should  be  done  that 
the  visual  perception  means  much  more  than  an  objective  per  se,  it  is  a  tool  to  enable  the  design  of  this  cipher  (i.e.  to  choose 
the  method  parameters,  to  decide  how  many  times  to  apply  or  LST  combinations,  whether  it  is  better  to  use  L  with  a 
variable  P  parameter  value  or  not,  etc  ). 

The  good  quality  of  this  enciphering  method  is  contained  within  its  theoretical  basis  '’^  There  are  also  some 
peculiarities  regarding  the  images  to  be  pointed  out  here. 

Method  illustrations  stand  for  different  original  images:  we  enciphered  either  simulated  images  with 
different  probability  laws  and  autocorrelation  functions,^  or  natural  images  (i.e.  Lena). 

2.  METHOD  ATTRIBUTES:  DIFFUSION  AND  CONFUSION 

In  this  section  we  shall  separately  present  the  two  notions,  diffusion  and  confusion.  Note  that  the  mixing 
transformation  combine  this  two  notions  in  its  overall  action  and  the  separation  we  do  here  is  only  to  clarify  the  explanation. 

On  the  other  hand,  if  diffusion  can  be  revealed  on  the  basis  of  the  mixing  transformation  (2),  confusion  is 
meaningless  without  the  enciphering  chain  (1). 

2.1  Diffusion:  analysis  and  experimental  results 

It  is  known  that  redundancy  of  the  original  message  source  is  responsible  for  the  secrecy  systems  breaking.  On  the 
other  hand,  it  is  known  that  source  redundancy  can  not  be  decreased  without  compression.  The  mixing  transformation  chain 
(l)-5-  (3)  does  not  affect  the  message  length  (so,  there  is  no  compression);  yet,  it  ensures  the  practical  secrecy.  Here  appears 
the  very  role  of  diffusion:  not  to  decrease  the  redundancy  ,  but  to  dissipate  it  over  long  combination  of  pixels  in  the  output 
image. 

In  our  computer  experiments  we  considered  256  x  256  pixels,  and  32  gray  levels  images  (so,  we  have  considered 
^  =  32  in  (3)). 

Figs.  1  and  2  show  diffusion  involved  only  in  the  L  operation  from  (3);  different  P  parameter  values  were 
considered.  Certainly,  the  whole  F  function  from  (2)  leads  to  even  better  results. 

In  Fig.  1  the  original  image  was  a  computer  generated  noise  image  (Fig,  lal),  having  a  gamma  probability  law 
with  6  degrees  of  freedom,^  with  mean  6  and  variance  12.  Figs.  Ia2  and  la3  show  the  autocorrelation  function  and  the  gray 
level  histogram  for  the  original  message. 

^plying  the  L  operation  with  10  to  the  original  from  Fig.  lal  we  obtained  the  output  image  (Fig.  Ibl) 
with  its  autocorrelation  ftmetion  (Fig.  Ib2)  and  gray  level  histogram  (Fig.  Ib3).  Similarly,  Figs  Ic  are  obtained  when 
applying  the  L  operation  with  P  =  25 . 

We  resumed  the  experiments,  but  this  time  the  input  was  a  natural  image  (Lena,  Figs.  2a);  Figs.  2b  and  2c  are  the 
output  images  obtained  when  applying  the  L  operation  with  P  =  10  and  P  =  25 ,  respectively. 

Diffusion  is  remarkably  noticed  even  when  applying  only  the  L  operation  and  even  when  considering  not  too 
large  values  for  P ,  as  it  can  be  seen  in  Figs.  1  and  2. 

For  the  2D  simulated  random  signals  with  prescribed  probability  laws  and  autocorrelation  functions^  (as  in  Fig,  1) 
the  diffusion  involved  in  the  L  operation  has  the  same  explanation  as  for  the  natural  language  case:^  a  direct  consequence 
of  the  Central  Limit  Theorem  and  of  the  action  of  the  modulo  function. 

For  other  images,  as  the  natural  ones  (Fig.  2)  the  results  regarding  diffusion  are  only  experimentally  proved.  At 
the  limit,  for  a  degenerated  2D  random  signal,  where  each  sample  stands  for  a  constant  function  (a  single  gray  level 
assigned  to  all  the  pixels  in  the  sample  image)  the  L  operation  from  (3)  no  longer  produces  diffusion.  In  order  to  obtain 
diffusion  even  in  this  situation,  and  even  more,  to  improve  the  chain  (1)  performances,  we  developed  a  variant  for  the  L 
operation  where  we  successively  modified  the  P  parameter  value  during  the  L  operation  (i.e.  in  (3)  we  successively 
modified  the  sum  superscript  during  the  same  L  operation).  For  example,  using  the  enciphering  transformation  (1)  with 
variable  P  according  to  the  rule:  9,13,19,27,9,13,19,27,9...  we  got  the  cryptogram  from  Fig.  3.  These  three  cryptograms 
correspond  to  three  different  original  images:  Fig.  3a  -  a  single  gray  level  image;  Fig.  3b  -  the  correlated  gamma  noise 
image  from  Fig.  lal;  Fig.  3c  -  a  natural  image,  namely  Lena. 

The  variant  with  variable  sum  superscript  in  (3)  would  be  utterly  useful  when  the  input  image  contains  large 
single  gray  level  areas  (e.g.  the  background  value). 

As  it  can  be  immediately  noticed,  the  variant  we  developed  for  Fig.  3  leads  to  an  improvement  in  the  overall 
enciphering  chain  (1)  without  any  difficulty  in  its  software  implementation 
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Fig.  2:  Diffusion  under  the  L  operation.  Figs,  (a)  correspond  to  the  input  image:  Lena  image  (al), 
autocorrelation  function  (a2),  and  gray  level  histogram  (a3).  Figs,  (b)  and  (c)  stand  for  the  corresponding 
output  images  obtained  when  applying  the  L  operation  with  P=10  and  P  =  25,  respectively. 


(a)  (b)  (c) 


Fig.  3  Cryptograms  obtained  with  the  enciphering  chain  (1)  and  with  variable  sum  superscript  in  (3).  The 

original  images  are:  a  single  gray  level  image  (a),  a  correlated  gamma  noise  image  (b),  and  Lena  (c). 

2.2  Confusion:  analysis  and  experimental  results 

Confusion  is  a  notion  even  more  difficult  to  be  presented  than  diffiision.  As  already  mentioned,  confusion  has  no 
meaning  in  the  F  mixing  transformation  only,  but  in  the  context  of  the  whole  enciphering  chain  (1). 

A  secrecy  system  whose  confusion  is  strong  does  not  allow  to  find  out  the  key  based  upon  the  cryptogram  and  some 
fragments  from  the  original  message  {chosen  text  attack). 

For  the  checking  up  of  the  confusion  and  also  for  its  visual  perception  we  developed  two  methods.  In  these  methods 
images  are  used  in  two  ways:  as  a  tool  for  confusion  perception  and  also  as  the  application  field  itself, 
a)  Method  with  cryptogram  difference  image 

It  is  a  visual  method,  based  on  the  fact  that  any  alteration  of  the  key  elements  (a  smallest  change  in  a  key)  would 
have  led  to  changes  in  the  whole  enciphering  image. 

In  order  to  notice  these  effects  we  have  represented  the  difference  of  the  two  enciphered  images,  obtained  from  the 
same  original  image,  but  using  two  keys.  Thus,  we  first  chose  a  key  for  the  secrecy  system  and  then  we  made  the  smallest 
change  in  it,  and  then  we  represented  the  cryptogram  difference  image.  That  is  what  Fig.  4  shows.  In  order  to  reveal  the 
presence/absence  of  confusion  in  a  cipher,  we  considered,  for  comparison,  three  secrecy  systems:  first  (Fig.  4a)  the  secrecy 
system  (l)-^  (3),  then  (Fig.  4b)  a  fixed  period  transposition  cipher,  and  finally  (Fig,  4c)  a  simple  substitution  type  cipher. 
Note  that  in  this  case  a  black  pixel  means  no  difference  between  the  two  enciphered  images  (the  above  mentioned)  at  the 
respective  locations. 


(a)  (b)  (c) 


Fig.  4  Confusion  perception  using  difference  image.  Fig.  (a)  corresponds  to  the  cryptographic  chain  (1), 
Fig.  (b)  to  a  fixed  period  transposition  cipher,  and  Fig.  (c)  to  a  simple  substitution  cipher. 
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The  cryptographic  chain  (1)  is  seen  to  involve  the  confusion  (there  are  changes  in  all  the  locations  from  Fig.  4a), 
while  the  elementary  ciphers  have  nothing  to  do  with  the  confusion  (there  are  local  changes  in  the  cryptograms  from  Figs. 
4b  and  4c). 

b)  Method  with  evolving  cells 

This  is  also  a  visual  method  this  time  intended  to  point  out  how  different  changes  in  the  key  can  be  noticed  in  a 
single  location  of  the  cryptogram,  no  matter  where  that  location  can  be.  This  is  what  Fig.  5  illustrates.  In  this  figure,  we  kept 
the  same  input  message  every  time,  we  chose  9  locations  in  the  cryptogram  and  we  changed  16  elements  of  the  key  for  the 
enciphering  scheme  (1).  The  local  effect  of  all  the  16  alterations  of  the  key  was  presented  as  a  cell  successively  growing 
along  8  axes,  in  two  steps  for  each  axis,  according  to  the  confusion  strength. 

In  order  to  illustrate  this  idea,  we  performed  all  the  16  changes  in  a  ( 7/^  ,Rj )  key  of  the  enciphering  system  (1) 
in  three  separate  experiments,  as  follows.  First,  we  successively  considered  16  changes  only  for  the  Rj  elements,  preserving 
unchanged  Tj^^and  Sj,  fig.  5a.  Then  all  the  16  changes  where  applied  only  for  Sj  elements,  Fig.  5b.  Finally,  we  considered 
all  the  16  changes  oidy  for  ,  Fig.  5c. 

From  Fig.  5  there  appears  that  a  proper  use  of  the  secrecj'  system  (1)  requires,  when  changing  the  key,  to  have  at 
least  some  changes  in  the  Ri  elements. 


^1^ 

* 

* 

* 

(a) 

*■ 

(b) 

Fig.  5  Confusion  perception  using  evolving  cells.  9  location  in  the  ciyptograms  arc  considered,  and  16 
successively  changes  of  the  key  of  cipher  (1).  All  the  16  alterations  of  the  key  correspond,  to  the  Ri 
elements  (Fig.  a),  to  the  Sj  elements  (Fig.  b),  and  to  the  7]^  elements  (Fig.  c). 


3.  CONCLUSIONS 

This  paper  deals  with  a  new  method  for  image  enciphering,  starting  from  some  of  Shannon's  suggestions  for 
natural  language.  Besides  the  direct  extending  of  the  application  field  (from  natural  language  to  images),  there  are 
contributions  regarding  the  visual  perception  of  the  two  sophisticated  notions  diffusion  and  confusion,  the  two  attributes 
which  ensure  the  high  quality  of  the  cipher  (the  computational  security).  This  analysis  allowed  us  to  develop  some  variants 
which  improved  diffusion  and  confusion  in  image  applications. 

4.  ACKNOWLEDGMENTS 

This  work  was  in  part  supported  by  a  Grant  of  the  National  Council  for  Academic  Research. 

5.  REFERENCES 

1.  C.E.  Shannon,  "Conununication  Theory  of  Secrecy  Systems”,  Bell  System  Technical  Journal,  28,  656-715,  (1949). 

2.  Adriana  Vlad,  and  M.  Mitrea,  "Cryptographic  Mixing  Transformation",  Buletinul  §tiinpfic  al  Universitdtii 
TOUTEHNICA” din  Timisoara,  Tom  41(55),  Fasc.  1,  71-76,  (1996). 

3.  Adriana  Vlad,  M.  Ferecatu,  and  P.  Opri§an,  "Statistical  noise  simulation  for  image  processing  purposes",  Opt.  Eng.  35(6), 
1590-1599,  (1996). 


482 


C-haracterization  of  the  silicon  guided-wave  optical  couplers  and  Mach-Zehnder  interferometers 

Niculae  N.  Puscas,  Gabriel  Nitulescu,  Valentin  V.  Gherman,  Adrian  Ducariu 

University  "Politehnica"  Bucharest,  Physics  Dept.,  Splaiul  Independentei,  313,  77206,  Bucharest, 

Romania 


ABSTRACT 

In  this  paper  we  report  some  experimental  results  concerning  the  characterization  of  the  silicon 
guided-wave  optical  directional  couplers  and  asymmetrical  Mach-Zehnder  interferometers  from  the 
transmitted  spectrum  in  the  1480  -  1620  nm  wavelength  region. 

The  experimental  results  were  used  for  the  evaluation  of  several  parameters  which  define  the 
above  mentioned  devices,  like;  the  power  coupling  ratio,  the  perfect  coupling  length,  the  effective 
interaction  length  increment  and  the  effective  refractive  indices,  respectively. 

First,  the  experimental  data  were  smoothed  and  fitted  by  a  fourth  order  function  in  the  case  of 
waveguide  directional  couplers  and  a  cosine  type  function  in  the  case  of  asymmetrical  Mach-Zehnder 
interferometers,  respectively.  Then,  the  evaluation  of  the  above  mentioned  parameters  was  performed 
using  the  least-square  method. 


KEYWORDS 


silicon  waveguide  Mach-Zehnder  interferometers,  power  coupling  ratio,  interaction  length 

1.  INTRODUCTION 


The  directional  coupler  is  one  of  the  most  fundamental  element  in  guided  devices.  Employing  the 
guided-wave  optical  directional  couplers  and  Mach-Zehnder  interferometers  precise  data  on  the  coupling 
characteristics  are  absolutely  necessary  to  design  guided-wave  devices,  e.  g.,  optical  taps,  star  couplers, 
wavelength  multi/demultiplexers,  waveguide  light  switches/modulators  and  also  in  fiber  optic  and 
integrated  optic  technology.  In  the  last  years  several  experimental  and  theoretical  analyses  concerning  the 
above  mentioned  devices  were  reported . 

Silica-based  single-mode  waveguides  have  low  propagation  losses  and  also  extremely  low  fiber 
coupling  losses  due  to  the  compatibility  with  single-mode  optical  fibers.  Therefore,  silica-based 
waveguides  may  be  used  in  various  low-loss  guided-wave  devices  for  single-mode  optical  fiber 
transmission  systems  or  fiber  sensor  systems. 

In  this  paper  we  report  some  theoretical  and  experimental  results  concerning  the  characterization 
of  the  silicon  guided-wave  optical  directional  couplers  with  different  interaction  lengths  and  asymmetrical 
Mach-Zehnder  interferometers  from  the  transmitted  spectrum  in  the  1480  -  1620  nm  wavelength  region 
by  using  a  laser  amplifier  as  a  signal  source  ^ .  The  evaluation  of  some  parameters  which  define  the  above 
mentioned  devices  (e.  g.  the  power  coupling  ratio,  the  perfect  coupling  length,  the  effective  interaction 
length  increment  and  the  effective  refractive  indices,  respectively)  was  performed  using  the  least-square 
method. 
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In  Sec.  2  we  outlined  some  theoretical  considerations  concerning  the  guided-wave  optical 
couplers  and  asymmetrical  Mach-Zehnder  interferometers  while  in  Sec.  3  we  described  the  experimental 
setup  used  for  the  measurement  of  the  transmitted  spectrum  of  the  above  mentioned  devices.  Sec.  4  is 
dedicated  to  the  discussion  of  the  obtained  results. 

2.  THEORY 

Fig.  1  shows  the  configuration  of  the  directional  couplers  investigated,  in  which  the  two 
waveguides  were  separated  by  250  fim  at  the  input  and  output  ends  using  5-curved  waveguides.  The 
waveguides  separation,  s,  is  50  fim  and  the  radius  of  curvature  50  ^  m. 

In  order  to  evaluate  some  parameters  which  characterize  the  above  mentioned  devices,  like:  the 
power  coupling  ratio,  the  interaction  length  and  the  effective  interaction  length  increment  the  light 
intensities,  7^,  from  the  two  output  ports  were  measured  on  directional  couplers  with  different 

waveguide  and  directional  parameters;  the  interaction  length,  /,  radius  of  curvature,  R,  waveguides 
separation,  s. 


Fig.  1  The  configuration  of  the  directional  coupler 


Taking  into  account  the  transmitted  light  intensities  from  the  two  output  ports  of  the 

device  the  power  coupling  ratio  can  be  express  by^ : 


/,+/2 


.  2(')r  I 

=  Sin - 


where  L  is  the  perfect  coupling  length  and  /  the  interaction  length. 

In  the  case  of  the  directional  coupler  structure  presented  in  Fig.  1 ,  the  interaction  at  the  ^-curved 
waveguides  is  not  negligible  and  therefore  Eq.  (1)  should  be  replaced  by: 


ri  =  sin'^ - 

'  l2  L 


where  A/  is  the  effective  interaction  length  increment  due  to  the  i'-curved  waveguides. 

In  our  study  we  used  also  the  asymmetrical  Mach-Zehnder  interferometer  characterized  by  two 
different  arm  lengths  linked  by  two  directional  couplers,  (AL  being  the  difference  length),  as  shown  in 
Fig.  2 
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In  the  above  mentioned  interferometer  (having  the  length  L  =  260  ji  m),  when  the  power  coupling 
ratio  of  each  directional  coupler  is  k  and  the  phase  shift  ,  the  two  output  powers  can  be  expressed  by 
the  folowing  equations; 


—  =  (1  -  2ky  cos^  (A<p  /  2)  +  sin^  (A<|)  /  2) 

^0 

(3) 

—  =  Ak{l  —  k)  cos^  (A(/»  /  2) . 

^  n 

(4) 

0 


'1 

'2 


Fig.  2  The  schematic  representation  of  the  asymmetrical  Mach-Zehnder  interferometer 

If  k  =  1/2  the  directional  couplers  are  3-dB  couplers  and  the  interferometer  acts  as  an 
ideal  optical  switch  with  an  infinitive  extinction  ratio. 

The  transmittance  from  port  1  to  T  can  be  expressed  by  the  folowing  equations: 

T,=sin^Kv)  (5) 

T,=cos^Kv)  (6) 

where  K  =  ,  n  is  the  refractive  index  of  the  waveguide,  c  is  the  light  velocity  in  vacuum,  v 

c 

is  the  optical  frequency  of  the  coupled  light  wave  and  AL  is  the  difference  length  between  the  two 
waveguide  arms. 

When  multiplexed  lightwaves  with  optical  frequencies  of  v,  and  Vj  which  satisfy 
Kv,  =(/M  +  l/2)7r  and  Kv^=mK,  (m  being  integer),  are  coupled  to  port  1,  T,=l  for  v,and 
T^  =  \  for  Vj .  The  frequency  spacing  Av  =  v,  -  between  the  maximum  and  minimum  of  the 

TT  C 

transmission  curve  is  —  = - . 

2K  2nAL 


3.  EXPERIMENTAL  SETUP 


The  experimental  arrangement  is  shown  schematically  in  Fig.  3  ^ .  We  used  a  He  -  Ne  laser  (A  = 
0.63  pm)  for  alignment  and  an  optical  amplifier  (O.  A.)  in  the  range  1480  -  1620  nm  for  the  optical 
signal,  coupled  together  by  a  3  dB  coupler  (C).  The  transmitted  spectra  of  some  silicon  optical  guided- 
wave  directional  couplers  (D.  C.)  having  different  interaction  lengths  and  asymmetrical  Mach-Zehnder 
interferometers  (M-Z)  have  been  measured  using  an  optical  spectrum  analyser  (O.  S.  A.)  and  registered 
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by  a  computer  (CO).  The  displacement  of  the  above  mentioned  devices  mounted  on  a  support  was 
obtained  with  an  electrostrictive  actuator  controller.  The  TE  and  TM  polarizations  of  the  lightwave  were 
selected  by  the  polarization  controller  (P)  and  the  isolator  (I). 


He-Ne 


Fig.  3  Schematical  experimental  setup 


The  transmitted  spectrum  TE  polarized  of  a  silicon  optical  guided-wave  directional  coupler  having 
2000  |im  interaction  length,  for  the  ports  1  1'  (Fig.  1),  in  the  optical  range  1480  -  1620  nm  is 

presented  in  Fig.  4. 


CENTER  1550. B  nm 
"RB  10  nm 


SPRN  1HB.0  nm 


Fig.  4  The  transmitted  spectrum  of  the  optical  guided-wave  directional  coupler 

In  Fig.  5  we  present  the  transmitted  spectrum  for  the  ports  1-^1'  (Fig.  2)  of  the  asymetrical 
Mach-Zehnder  interferometer  having  the  difference  length  AL  =  29.2  pm,  in  the  range  1.46  -  1.58  |im. 

4.  DISCUSSION  OF  THE  RESULTS 

We  used  the  experimental  data  for  the  evaluation  of  some  parameters  which  characterize  the 
above  mentioned  devices. 
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For  the  guided-wave  optical  directional  couplers,  in  the  first  step,  the  experimental  data  were 
smoothed  and  fitted  by  a  fourth  order  function.  Then,  the  evaluation  of  the  perfect  coupling  length,  L,  and 
the  effective  interaction  length  increment.  A/ ,  was  performed  from  the  dependence  of  the  power  coupling 
ratio,  T)  ,on  the  interaction  length,  /,  using  the  least-square  method ' .  In  the  case  of  a  radiation  having 
1530  nm  we  obtained  the  folowing  values;  q  =  0.5285,  L  =  9.99  pm  and  A/  =  9.29  mm. 

The  experimental  transmitted  spectrum  of  the  asymetrical  Mach-Zehnder  interferometer  was  fitted 
by  a  fiinction  of  the  type: 

F{i,  m,  n,p,q)  =  p-  cos^  {m-X^+  n) + q  (7) 

where  /  is  an  integer  and  m,  n,  p,  q  are  parmeters  which  determine  the  best  fit. 


Intensity  (a.  u.) 


Wavelength  (pm) 

Fig.  5  The  transmitted  spectrum  of  the  asymetrical  Mach-Zehnder  interferometer 

After  the  differentiation  of  Eq.  7  we  have  determined  the  values  of  the  minimum  wavelengths  of 
the  device  A,  =  1.48331  pm  and  1-53549  pm  and  the  corresponding  effective  refractive  indices, 
respectively,  =  1.4478  and  ^^^2  ~  1.4462. 

5.  CONCLUSIONS 


Based  on  the  experimental  transmitted  spectrum  in  the  1480  -  1620  nm  wavelength  region  for 
silicon  guided-wave  optical  directional  couplers  and  asymmetrical  Mach-Zehnder  interferometers  in  this 
paper  we  report  the  evaluation  of  some  parametres  which  characterize  the  above  mentioned  devices,  like: 
the  power  coupling  ratio,  the  perfect  coupling  length,  the  effective  interaction  length  increment  and  the 
effective  refractive  indices,  respectively. 
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The  obtained  results  can  be  used  in  the  design  of  the  symmetrical  and  asymmetrical  Mach-Zehnder 
interferometers  which  can  be  applied  to  a  multi/demultiplexer  with  several  gigahertz  channel  spacing  for 
optical  frequency-division-multiplexing  transmission  systems. 
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ABSTRACT 

Interfacial  turbulence  is  investigated  experimentally  by  microscope  observations  and  holographic 
interferometry  with  double  exposure  for  the  system  glycerol-acetic  acid-n-butyl-acetate.  This  system  exhibits  organised 
interfacial  activity  upon  transfer  of  acetic  acid  from  ^ycerol  phase  to  acetate  phase.  This  behaviour  was  confirmed  by 
the  microscope  observations  in  transmitted  light.  For  the  holograms  obtained  the  deviation  of  the  fringes  between  the 
two  exposure  times  can  be  related  with  the  changes  in  the  concentration  profiles  near  the  interface.  Because  of  the 
complexity  of  the  phenomenon  investigated  the  present  study  is  only  qualitatively. 

Keywords:  holographic  interferometiy\  interfacial  turbulence. 

1.  INTRODUCTION 

The  powerful  technique  of  holographic  interferometry  has  been  used  in  chemical  engineering  for  the  accurate 
measurement  of  diffusion  coefficients^  ”’^  and  for  the  determination  of  local  mass-transfer^  and  heat  transfer 
coefficients,^ 

The  presence  of  interfacial  turbulence  in  liquid-liquid  systems  in  which  mass  transfer  is  accompanied  or  not  by 
chemical  reaction  is  a  widely  studied  phenomenon"’®’^  and  has  both  scientific  interest  and  practical  applications  of 
industrial  importance  such  as  the  enhancement  recover}^  of  crude  oil^^  and  of  metal  extraction  processes.  Several 
optical  techniques  have  been  used  to  investigate  the  interfacial  instability.  Observation  on  cellular  convection  in 
systems  in  which  interfacial  turbulence  occurs  were  made  using:  ScWieren  optical  system^^’^^,  laser-  activated 
photochromic  tracer  techniques^  microscopic  observations  in  reflected  or  transmitted  light^®  or  microinterferometric 
and  Mach-Zender  interferometric  methods.^^ 

The  aim  of  this  paper  is  to  extend  the  applications  of  holographic  interferometry’  to  the  study’  of  interfacial  turbulence 
in  the  system  glycerol-  acetic  acid  -n-butylacetate.  When  interfacial  cellular  convection  accompanying  mass  transfer 
occurs  the  interface  becomes  unstable  and  the  concentration  profile  near  the  interface  is  altered  so  that  fringes  are 
deviated  b>’  modification  of  refractive  ratio.  Qualitative  observations  were  also  made  by  microscope  in  transmitted  light 
for  the  same  system. 


2.  EXPERIMENTAL  TECHNIQUES 

The  microscope  observations  of  the  interfacial  instability’  were  made  in  transmitted  light  with  a  NU-2  (Carl- 
Zeiss  Jena)  microscope,  because  the  two  liquid  phases  are  transparent. 

For  the  holographic  experiment  with  double  exposure  the  optical  set-up  is  illustrated  in  figure  1.  The  laser 
beam  (6mW  helium-neon)  is  split  by  a  beam  splitter  to  give  a  satisfactory  ratio  of  beams  intensities.  The  object  beam  is 
passed  through  a  microscope  objective  and  a  20  \xm  pinhole.  The  second  beam  serves  as  the  references  beam  and 
illuminates  the  whole  area  of  the  holographic  plate.  The  diffusion  cell  measured  1cm  X  1  cm  X  10  cm  with  glass  plates 
on  the  two  sides  to  allow  the  laser  light  to  pass  through.  The  cell  was  filled  through  a  capillary  tube  from  the  bottom  to 
minimise  turbulence  and  mixing.  The  lifter  liquid  was  put  into  the  cell  first.  Next,  the  more  dense  liquid  was 
admitted  slowly  from  below  lifting  the  first  liquid. 


SPIE  Vol.  3405  •  0277-786X/90/$10.00 


489 


MIRROR 


3.  RESULTS 

3.1  Microscope  obsen  ation  on  cellular  convection 

When  glycerol  containing  acetic  acid  in  contact  with  n-butyiacetate  the  interface  becomes  instantaneously 
unstable.  In  figure  2  is  presented  a  photograph  in  which  are  visible  the  regions  in  the  \icinity  of  the  interface  with  an 
incipient  cellular  organisation. 


Figure  2  Interfacial  turbulence  in  the  system  glycerol  -  acetic  acid  -  n  butylacetate 
The  system  glycerol-  acetic  acid  -n-butylacetate  exhibits  organised  interfacial  activity  upon  transfer  of  acetic  acid  from 
the  glycerol  phase  to  the  acetate  phase.  The  concentration  of  acetic  acid  necessaiy  to  observe  cellular  activity  was  found 
to  lie  between  0.05  and  0.1  wt  %.  In  our  experiments  we  used  a  10%  ^vt  acetic  acid  in  glycerol.  For  this  concentration 
Orell  and  Westwater*^  reported  unusually  large  cells  which  propagate  at  relatively  low  speeds.  In  figure  3  are  presented 
images  of  the  deformation  of  the  interface  as  waves  which  propagate  at  low  speed. 
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Figure  3  Deformations  of  the  interface  in  the  system  glycerol  -  acetic  acid  -  n  hutylacetate 

3.2  Double  exposure  holographic  interferometrj^ 

Holographic  interferometty  with  double  exposure  compares  beams  of  laser  light  which  have  passed  through  the 
cell  at  times  li  and  X2.  In  figure  4  are  presented  two  interferograms  obtained  for  the  system  glycerol-  acetic  acid-n- 
butylacetate  system  at  two  different  times.  In  the  image  is  visible  the  interface  formed  between  n-bulylacetate  and  glycerol 
containing  acetic  acid.  To  observe  better  the  changes  in  the  studied  sj^stem  the  vertical  fringes  were  induced  by  a  small 
rotation  of  the  diffusion  cell.  Any  deviation  of  the  vertical  fringes  between  the  two  exposure  times  is  due  to  the 
modification  of  the  refraction  index  which  can  be  related  with  the  changes  in  the  concentration  profile.  In  the  studied  case 
the  overall  mass  transport  is  controlled  by  diffusion  and  convection  due  to  interfacial  turbulence. 
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n-butyl  acetate 


t,  =  40" 


t2  =  60" 


Figure  4  Interference  fringes  for  the  system  glycerine  -  acetic  acid  -  n-butylacetate 

at  different  times 


The  fringe  shift  depends  on  the  change  in  the  refractive  index  of  the  two  phases  near  the  interface  and  therefore  depends 
upon  mass  transport  of  all  species  in  the  sjstem.  Because  of  the  complexin  of  the  phenomenon  investigated,  our 
obseix'ations  are  only  qualitatively. 


4.  CONCLUSIONS 

The  main  aim  of  this  paper  was  to  extend  the  holographic  interferometry  technique  for  the  stu(fy  of  interfacial 
turbulence  in  a  liquid-liquid  system.  Microscope  obsen  ations  for  the  same  sj  stem  glycerol-acetic  acid-n-butylacetate  were 
arguments  to  demonstrate  the  instabilit>'  of  the  interface  for  a  certain  value  of  the  acetic  acid  concentration  in  glycerol.  The 
fringe  shifts  observed  in  the  interferograms  can  be  related  with  the  change  in  the  refractive  index  of  the  solutions  brought 
into  contact  but  doesn' t  allow  us  to  determine  quantitatively  the  intensity  of  the  phenomenon.  The  results  can  be  easily 
improved  in  accuracj'.  Howex'er,  the  present  method  is  quicker  and  considerably  simpler  than  other  optical  methods  which 
have  been  used  in  interfacial  turbulence  studies 
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ABSTRACT 

We  performed  both  experimental  and  tlieoretical  studies  on  the  laser  radiation  absoqDtion  coefficient  of  a  Copper 
surface.  A  theoretical  model  for  the  computation  of  the  absorption  coefficient  was  elaborated  for  two-layer  case 
(metal-oxide),  taking  into  account  the  nonlinear  processes  which  govern  tlie  dynamics  of  the  temperature  and  of  the  widths 
of  the  layers.  The  experimental  data  and  the  simulation  results  proved  to  be  in  a  very^  good  agreement. 

Keywords:  nonlinear  process,  laser  radiation,  absorption  coefficient,  multiple  layer  metallic  structure. 

1.  INTRODUCTION 

During  the  heterogeneous  chemical  reactions  stimulating  obtained  by  laser  induced  heating  of  a  studied  substance  some 
tlienno  -  chemical  instabilities  occur,  leading  to  interference  oscillations  of  the  laser  radiation  absorption  coefficient  of  the 
metal. 

The  heating  rate  of  the  metal  surface  strongly  depends  on  the  incidence  angle  of  the  laser  beam  on  the  surface,  the  laser 
radiation  wavelength,  the  gaseous  medium  where  tire  irradiation  is  performed. 

Therefore  the  possibility  of  optimum  monitoring  for  tliese  reactions  appears  by  appropriate  changing  of  the  laser 
radiation  parameters. 

Solving  the  highly  important  problem  of  minimizing  tlie  heating  expenses  is  tlnis  made  possible  for  tlie  cases  which 
requires  heating  of  the  metal  up  to  a  certain  temperature,  measuring  the  efficiency  of  obtaining  certain  chemical 
components. 

The  strong  changing  of  tlie  absorption  coefficient  may  be  induced  either  by  the  appearance  of  oxide  layers  on  the 
metallic  surface  or  by  some  different  type  processes. 

The  laser  radiation  interaction  witli  tlie  surface  is  controlled  by  monitoring  tlie  occurrence  of  the  superficial  metallic 
oxides  compounds. 


2.  THEORETICAL  MODEL 

The  laser  radiation  absorption  coefficient  of  the  metallic  surface  is  written  ‘  for  tlie  case  of  a  system  made  by  (N-1) 
oxide  layers  on  the  metal  surface,  in  oxidant  atmosphere,  as  follows: 


Ao 


fN-l  ^ 

2 

'N-1  ^ 

Z  PjXj/nj 

lj=l  ') 

ll 

4l 

I  PjXj 

lj=l  J 

(1) 


Here  Xj  is  the  width  of  the  j-th  oxide  layer,  Pj  =  ,  nj  is  the  refraction  index  of  the  "j"  oxide  and  Aq  is  the  laser 

radiation  absorption  coefficient  of  tlie  uii-oxided  metallic  surface,  experimentally  determined  at  the  begining  of  tlie 
measuring  processes.  It  strongly  depends  on  the  metallic  surface  condition 
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A  rigurous  computation  of  the  coefficient  "A",  for  tlie  two  oxide  cases,  had  given  the  following  expression: 


where; 


A  =  I  n  1  Aq  +  2k  1  k[^  P 1 X 1  -  (k  -  sin^  (p2  X2/2)  sin  (p  1 X 1 ) /k)  ]  +  C 1 1 


Cl  =  2K2(Si)  ^[|32X2  -  (1-2^  sin2(|3,xi/2))sin  P2X2] 

D,=Slsin(te).s(^).sin(to)cos(te) 

^  f  ^2^2  Pl’^l  Ill  •  P2’^2  •  Pl’^l'i 

D2  =  n  ]  l^cos  COS  -  nj  Sin  ^-2- Sin -y- j 


(2) 

(3) 

(4) 

(5) 

(6) 


However,  for  a  laser  radiation  having  X  =10.6  }im,  we  have  PjXj  and  PjXj/rij  «1,  therefore  a  series  expansion  is 
made  possible  in  the  expression  (1).  Using  a  Cu  sample  which  may  have  a  CuO  and  CUO2  oxide  layer  system,  the 
absorption  coefficient  becomes^: 


a(x],X2)  =  Ao  +  y|(piXi  +P2X2)  -(Pl^i/ni  +P2X2/n2) 


(7) 


The  dynamics  of  the  changing  in  the  oxide  layers  widths  is  described  by  tlie  Wagner  -  Valensi  system  of  equations: 


dx,  ^  d,(T)  d2(T) 

dt  X,  X2 

dx2  d2(T)  1  di(T) 

dt  -  X2  P  '  xi 

where  |a=Vi/V2  is  the  ratio  of  the  specific  volumes  of  the  two  oxides;  d,(T)  and  d2(T)  are  the  oxidation  "constants"  for  the 
two  layers  having  the  following  temperature  dependence  which  is  valid  up  to  the  melting  temperature  of  the  metal: 

d,(T)  =  d,oexp(-TDi/r)  (10a) 

d2(T)  =  d2oexp(-TD2Ar)  (10b) 

The  dynamics  of  the  target  temperature  changing  as  a  result  of  the  laser  irradiation  process  is  described  by  the  equation: 

f  =i5i[>’  A(x,,X2)-Pp]  (11) 

where 

Pp  =  S11  •  (t-To)  +S •  ct-ct”o  -(t^ -tJ)  (12) 


(8) 

(9) 
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is  the  power  corresponding  to  convection  and  radiation  losses.  S  is  the  total  surface,  11-010  heat  transfer  coefficient  for  the 
convection  processes,  a  characteristic  of  the  experiment,  a  -  the  Boltzmann  constant  and  oq  the  target  emissivity. 

We  used  the  following  values  of  the  above  mentioned  parameters: 

Ao  =  0.015  ;  "n  =:  14  :  a  =  5.66978  •  lO^^W/m^K^^  ;  m  =  80  •  10“^Kg  :  S  =  0.25  •  10-^m^  ; 
d|Q  =  10“^m^/s  ;  d2o  =  4  •  10”^m^/s  ; 

Tdi  =  15500K  :  Td2  =  19900K  ; 

T(i  =  0)  =  293K  ;  c(t  =  0)  =  382J/kgK  ; 

xi(t  =  0)  =  lO^^^m  :  X2(t  =  0)  =  10“^^m  : 
n]  =  2.57  ;  n2  =  1.5  . 


3.  EXPERIMENTAL  STUDY  AND  SIMULATIONS 

The  samples  were  irradiated  in  air  by  a  CO2  laser  having  X  =10.6  |im  and  P=30W.  in  normal  temperature  (  To )  and 
pressure  conditions. 

The  dimensions  of  tlie  Cu  targets  were  chosen  such  as  to  assure  the  thermal  homogeneity. 

The  target  temperature  changing  in  time  was  recorded  using  a  chromcl-alumel  thermocouple  and  a  multiple-channel 
oscilloscope.  The  input  of  tlie  oscilloscope  received  simultaneously  the  amplified  dT/dt  signal. 

At  heating,  the  signal  (dT/dt).,.  is  given  by: 

(f)^=nlu(AP-P?)  (13) 

where  Pp  is  the  power  loss  diuing  tlie  irradiation  process. 

At  target  cooling,  after  the  irradiation,  the  signal  (dT/dl)_  is  equal  to: 


(14) 


The  surface  conditions  at  heating  and  cooling  respectively  arc  different,  tlicrcforc  the  values  Pp,Pp  are  also  different 
for  the  same  sample  temperature.  This  is  a  measure  of  tlie  measuring  error  for  the  absorption  coefficient  itself. 

If  we  use  the  two  signals  (dT/dt) (dT/dt)_  at  the  same  value  of  the  temperature  Tj ,  we  obtain  the  following  expression 
for  the  experimental  absorption  coefficient: 


(15) 


Using  these  signals,  the  T(t),  A(t)  and  A(T)  dependencies  were  experimentally  obtained. 

Recording  T(t)  and  dT/dt=f(t)  after  the  end  of  the  target  inradiation  process  we  had  the  possibility  to  control  the  heat  losses 
by  radiation  and  convection,  thus  to  control  the  Pp=Pp(t)  and  Pp=Pp(T)  dependencies. 

The  emissivity  coefficient  was  supposed  to  be  the  one  which  corresponds  to  the  polished  Cu  surface  at  the  beginning  of 

the  irradiation  process  (gq  =0.018).  During  the  heating  and  oxidizing  process  the  C7()  coefficient  was  changed  progres¬ 
sively  up  to  a  0.78  value  which  corresponds  to  tlie  copper  oxide. 

Solving  the  differential  equations  system  formed  by  (8),  (9),  (1 1)  and  using  the  expressions  (7),  (10),  (12),  the  numerical 
solutions  for  A(t),  T(t),  Xj(t)  and  X2(t)  were  obtained. 

The  initial  conditions  (t(0),X](0),X2(0))  were  given  by  the  experimental  conditions  (the  copper  surface  is  not  oxided 
at  t=0)  and  we  also  had  taken  into  account  the  specific  heat  dependence  on  the  temperature,  c(T)  ,  during  the  T(t) 
-evolution. 
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The  main  innovative  parts  of  our  work  consist  of  modelling  tlie  absorption  coefficient  A  (see  equation  (1),  given  by  one 
of  the  authors  for  a  simpler  case  in*),  solving  the  coupled  equation  system  corresponding  to  the  two  oxide  layers  and  chang¬ 
ing  continously  the  emissivity  coefficient  during  the  time  evolution. 

Our  theoretical  model  is  valid  up  to  Tmax  =  981. 56K,  when  xj  =  3.6  •  10“^m,  X2  =42.5  •  lO^^m  and  A  =  0.181319. 
For  T  >  Tmax  the  analysis  should  be  modified  due  to  the  interference  phenomena  which  appear  on  the  oxide  layers. 

In  Fig.l,  the  dependencies  A(T)  are  obtained  from  experimental  data  (C-curve)  and  theoretical  simulation  (A-curve) 

respectively. 


- A 

— » —  C 


Theoretical  (  A )  and  experimental  (  C  )  curves  for  the  absorption  coefficient  dependence  on  temperature. 


For  the  studied  domain  the  comparison  gives  us  a  very  good  agreement  between  theory  and  experiments  thus  concluding 
that  the  proposed  model  for  tlie  absorption  coefficient  was  correctly  formulated. 
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ABSTRACT 

In  this  work  we  use  a  technique  inspired  by  the  inverse  problem  in  the  scattering  theory,  that  is,  the  calculation  of 
partial  derivatives  along  the  characteristic  directions  of  the  D’Alembert  solution  of  the  wave  equation  (Maxwell  and  Euler). 
In  this  way,  we  construct  a  system  of  stochastic  non-linear  differential  equations.  The  analysis  of  this  system,  using 
algebraic  invariants,  gives  more  information  in  comparison  with  that  given  by  Ghelfand  -  Levitan  -  Marcenko,  in  the 
inverse  problem  in  the  scattering  theory. 

Keywords:  stimulated  light  scattering,  three-wave  resonant  interaction,  general  D’Alembert  solution  of  the 
nonlinear  wave  equation,  polistochastic  process,  turbulent  media 

l.INTRODUCTION 

In  this  work  we  propose  a  different  approach  to  the  inverse  problem  in  the  scattering  theory.  Instead  of  solving  the 
Ghelfand  -  Levitan  -  Marcenko  integral  equation,  after  the  calculation  of  the  partial  derivatives  along  the  characteristic 
directions  of  the  general  solution  of  the  D’Alembert  equation,  we  obtain  a  system  of  stochastic  non-linear  differential 
equations,  that  describes  the  interaction  of  the  waves  involved  in  the  scattering  process. 

2.THEORY 

The  scattering  of  the  optical  field  on  acoustic  waves  had  been  studied  by  L.  BrillouinV  The  induced  scattering 
process  (Mandelstam  -  Brillouin)  was  discovered  in  1964  Under  the  irradiation  of  a  crystal  (sapphire  or  quartz  in  the  first 
experiment)  with  a  strong  laser  beam  with  frequency  (o>l),  an  acoustic  field  and  an  optical  (scattered)  field  were  generated 
in  the  crystal  with  frequencies  (Os=col-^i\  respectively. 

Both  the  acoustic  and  the  scattered  optical  fields  propagate  on  rigorous  directions  and  they  exist  only  when  the 
power  of  the  laser  beam  exceeds  a  certain  threshold  value.  The  electrical  field  of  the  laser  radiation  incident  on  the  crystal 
(liquid)  induces  an  alternative  variation  of  tlie  densit>\  as  a  result  of  electroslriction,  i.e.  an  acoustic  field.  The  acoustic  field 
modulates  the  dielectric  permittivity  of  the  medium  allowing  the  energy  exchange  between  the  two  optical  fields  (the 
incident  laser  field  and  scattered  optical  field). 

The  phenomenological  dynamics  of  a  stimulated  Brillouin  scattering  (SBS)  process  may  be  described  in  the 
following  way 


aN. 

-^  =  A.Nl(Ns+1)  (1) 

where:  Nl  is  the  number  of  incident  photons.  Ns  is  the  number  of  scattered  photons;  A  is  **the  coupling  constant**  that 
defines  the  magnitude  of  the  scattering  process.  For  Nl  constant,  the  equation  (1)  becomes  linear  with  the  following  type 
of  solution: 


Ns(0=|Ns(0)  +  l]*exT>[A.NL-t]-l  (2) 

where 

g'-I^  •  v^s  (3) 

Here  II  is  the  intensity  of  the  incident  optical  field,  g*  is  the  gain  of  the  stimulated  diffusion  process  and  Vls  is  the 
propagation  velocity  on  the  space-time  characteristics  of  the  induced  scattering  process. 

Using  the  wave  equation  for  the  electric  field  intensity  (E): 
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with  the  Cauchy  problem: 


nV  a^E(z,t)  a^E(z,t)  n  5  g  E(z,t)  I 
cJ  5t^  dz?  c  5t  ’  nc  0t 


E(z-t)l.^o=(p(z)  =  0 

^(Z-t)  ^  n 

a,  =V1/(Z)  =  0 

5t  ,_n 


the  D’Alembert  general  solution  of  (1)  becomes; 

t  Z+^(l-'t) 

E(Z,t)  =  :^JdT  jF(tT)d? 

z--{.-x) 

Calculating  the  derivatives  of  (6)  along  the  characteristic  directions: 

^L=--t  +  z,^s=-.t-z 

11  n 

we  obtain  for  the  two  fields  (El  is  the  incident  field,  and  Es  is  the  reflected  one  (Stokes)) : 

^  =  _“e,-4-^P>^(E„Es) 

—  =  --Es-4~P^{El.Es) 

4  ®  a^s  ^ 

where  the  nonlinear  interaction  between  the  two  fields  is  described  by  the  nonlinear  polarisation  (P^). 
Using  the  same  method,  one  can  derive  for  the  acoustic  field: 

Ub/  8«p.or,' 

where  p=Ap/po  is  the  perturbation  of  the  normal  density  of  the  scattering  medium,  ^if=(co/k)  t+z',  Fb^I/t 
^  .  r c-n^  ^  c-n  _  Tiy'^fAp^  ^  2co  ,  a  a  a 

Putting:x=  -El,  y=,7rT“Es,  z=-^  —  ;  A=— ; 


n^  Vpo 


2K,  2Kc  K 


where  lo  is  the  maximum  value  for  the  intensity  of  the  optical  pump  field,  yields: 
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dx 

gy 

acps 

dz 

d(f{ 


_ _ ^ 

2  ^  acpL 

—2l.  _L 

2  ^"^acps 


(y-z) 


(xz) 


=— 2*A*z+- 


colY"  tivIq 
c^npQvrg4o'> 


*xy; 


(11) 


form: 


We  define  the  SBS  gain,  the  interaction  length,  and  the  normalised  value  of  the  interaction  cross-section  in  the 


elllf]- 


c^npovFp 


Le=4ii-— ,  o  =  g|-LB-Io  =47ig|-— -lo 


(12) 


Eqs.  (11)  become; 


dx  a'  6 


5q>L  2  acp 

Scps  2  ^  acp 

dz 

- =~2*A-z+a- 

a<p,. 


-(y-z) 

L 

-(x-z) 

s 


x*y; 


(13) 


The  analysis  of  the  system  (13)  using  algebraic  invariants  highlights  supplementary  properties  of  the  scattering 
process  (isentropic  and  exponential  compression,  solitons  in  the  Stokes  field,  etc  ). 

The  system  (13)  can  be  written  in  the  compact  form  as: 


ij,k  =  (l,2)  (14) 


where:  x' =  {El  ,  Es);  ?  =  {^l  .  ^s). 


3.  RESULTS 

Using  the  algebraic  invariants  assigned  with  the  system  (14),  that  were  deduced  by  Arongold  and  Sibirskii,  we  can 
build  the  geometric  equivalence  classes  of  the  system  (14).  In  this  way,  we  obtain  information  regarding  the  distribution  and 
tlie  nature  of  the  singularities  from  the  phase  space  (delimitation  of  isentropic  compression  areas,  areas  in  which  solitons 
exist,  etc.). 

We  define  the  initial  condition  for  the  system  (13)  in  the  following  way  ; 

>;'(«Plo)  =  cos((Plo) 

y’(q>so)  =  o  (15) 

z(9fo)  =  0 
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Amplitude  phase  dependence  of  the  Amplitude  phase  dependence  of  the 

pump  optical  held  scattered  optical  field 


Fig.3 

Amplitude  phase  dependence  of  the  acoustic  field 

Figures  1-  3  present  the  evolution  of  the  fields  along  the  characteristics,  for  an  intensity  of  the  pump  optical  field 
about  (lo'^SS  MW/cm^).  In  this  case,  one  can  notice  that  the  oscillation  of  the  three  fields  does  not  vanish.  This  regime  takes 
place  in  the  neighbourhood  of  the  threshold  of  S.B.S. 


0  2000  4000 


n 

Fig.  4 

Amplitude  phase  dependence  of  the 
pump  optical  field 


Fig.  5 

Amplitude  phase  dependence  of  the 
scattered  optical  field 
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Fig.  6 

Amplitude  phase  dependence  of  the  acoustic  field 

Figures  4-  6  show  the  evolution  of  the  three  fields  along  the  characteristics  for  the  pump  optical  field  intensity  of 
(lo^lSO  MW/cm^).  One  can  notice  that  the  fluctuations  affect  the  oscillation  of  the  three  fields.  These  fluctuations  are 
caused  by  the  big  difference  between  the  S.B.S.  gain  (a~500)  and  the  normalised  gain  of  the  acoustic  field  (A'-120). 


0  2000  4000 


n 

Fig.  9 

Amplitude  phase  dependence  of  the  acoustic  field 

Figures  7-  9  present  the  evolution  of  the  three  fields  along  the  characteristic  directions  for  the  pump  optical  field 
intensity  of  (Io~500  MW/cm^).  One  can  notice  that  the  oscillating  behaviour  of  the  three  fields  is  more  homogeneous,  the 
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normalised  gain  value  for  S.B.S.  (a-'250)  being  closer  to  the  normalised  gain  of  the  acoustic  field  (A-'UO).  In  this  case, 
also,  one  can  notice  that  fluctuations  affect  tlie  oscillations  of  the  three  fields. 

These  fluctuations  are  due,  probably,  to  the  poor  coherence  of  the  three  interacting  fields.  Figures  1-3  show  that 
the  phase  correlation  between  the  three  fields  is  good  for  the  phase  of  the  acoustic  field  (0-200)  if  we  take  the  coherence 
time  ('-t),  and  the  coherence  length  (U-^n/K),  as  defined  in  the  case  of  the  Bragg  reflection. 

The  plots  from  all  figures  were  obtained  by  normalising  the  Eq.  11,  using  algebraic  invariants,  as  it  is  shown  in 

4.  CONCLUSIONS 

In  this  paper,  we  used  the  theory  of  nonlinear  differential  equations  in  order  to  identify  the  longitudinal  properties 
of  the  SBS  process.  The  most  important  parameter  appears  to  be  tlie  interaction  length  .  We  developed  a  polistochastic 
model  for  the  SBS  process,  that  permitted  a  complete  characterisation  of  the  interaction  length,  that  is  a  polistochastic 
probabilistic  moment  (the  spontaneous  scattering  extinction  coefficient).  We  assumed  the  absence  of  dispersion.  This 
presumption  permitted  the  use  of  characteristic  curves  and  the  transforming  of  the  hyperbolic  field  equations  in  first  order 
differential  equations.  In  both  cuasistationary  and  nonstationary  cases,  dispersion  affects  the  propagation  of  the  Stokes 
pulse.  The  dispersion  is  induced  by  the  nonlinear  effects  involved  in  the  SBS  process,  mainly  by  the  isentropic  compresion 
of  the  nonlinear  medium  due  to  the  pump  optical  field. 
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ABSTRACT 

In  analyzing  the  polarization  spectral  structure  of  the  time-varying  spinorial  fields  obtained  by 
light  modulation,  the  notions  of  spectral  Jones  vector  and  spectral  coherence  matrix  are  introduced. 
The  KDP  longitudinal  electrooptic  modulator  is  presented  as  an  example. 

Keywords:  electro-optic  modulator,  polarization,  coherence 

1.  INTRODUCTION 

One  of  the  most  compact  description  of  the  states  of  optical  polarization  (SOP)  of  completely 
polarized  hght  is  in  terms  of  Jones  vectors  *.  As  mathematical  entities,  the  Jones  vectors  are  spinors 

The  time- varying  Jones  vectors  are  often  used  to  describe  the  output  of  some  lasers  '*  or  of 
various  modulating  devices  namely  when  the  SOP  of  this  output  is  a  time-varying  one.  There 
are  also  some  topics  where  the  spectral  structure  of  such  a  SOP-time- varying  output  is  touched  *’ 
,  with  more  or  less  mathematical  accuracy. 

In  fact  a  time-varying  SOP  is  described  by  a  time-varying  Jones  vector,  by  a  time-varying 
spinor,  and  the  spectral  analysis  of  such  a  SOP  reduces  to  a  spinor  Fourier  analysis.  In  the  following 
we  present  such  an  analysis  for  the  output  of  one  of  the  most  widespread  used  modulators,  that  with 

longitudinal  electrooptic  effect  in  crystals  of  class  42m  (KDP-like).  The  notion  of  spectral  Jones 
vector  comes  naturally  to  light  in  such  an  analysis. 

On  the  other  hand,  although  the  Jones  vector  formalism  provides  one  of  the  less  redundant 
descriptions  of  the  SOP  and  of  its  alteration  by  interaction  of  light  with  optical  devices,  this 
description  is  not  yet  in  terms  of  optical  observables.  Measurable  entities  which  describe  the  SOP  are 
the  Stokes  vectors"  and  the  coherence  (polarization)  matrices".  Referring  only  to  the  completely 
polarized  light,  we  prefer  here  the  term  of  polarization  matrix  instead  of  coherency  matrix.  For  the 
SOP  description  of  the  modulated  light  one  needs  time-var5dng  Stokes  vectors,  time-varying 
coherence  (polarization)  or  density  matrices. 

We  apply  the  Fourier  analysis  in  the  field  of  the  time-varying  polarization  matrices  and  we 
introduce  the  notion  of  spectral  polarization-matrix. 

For  getting  a  good  physical  insight  into  the  problem,  we  present  it  in  the  frame  of  a  very 
concrete  situation,  namely  that  of  the  KDP  longitudinal  electrooptic  modulator. 
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2.  TIME-VARYING  JONES  VECTORS  AND  SPECTRAL  JONES  VECTORS 
Let  us  consider  the  modulation 

scheme  presented  in  Fig.  1 ,  where  K  is  a  ,  y 

KDP  longitudinal  electro-optic  ^y'  'x' 

modulator.  In  the  usual  arrangement, 

the  incoming  light  is  linearly  polarized  \  ^  , 

(OX,  Fig.l)  at  45°  to  the  electrically  \ 

induced  axes  of  the  crystal  (OX',OY')  < 

and  we  are  interested  in  the  modulator 
output  polarized  parallel  or 
perpendicular  to  this  direction. 

Therefore  it  is  convenient  to  do  the  i  I  I  u  *  i^sm  At 

calculus  in  the  reference  system  OXY. 

In  this  system  the  operational  matrix  of 
the  modulator  is  ° : 

Fig.l  The  modulation  arrangement.  PL-laser  polarization,  K- 
'  COS  d)  i  sin  61  modulating  crystal,  P-output  polarizer. 

1  1  (1) 

ism(|)  cos(|)J  ^ 

where  is  the  time-varying  phase  difference  introduced  by  the  modulator  between  the  light 
components  linearly  polarized  along  its  induced  principal  axes.  If  we  apply  to  the  crystal  a  voltage 

U  =  Uq  -I-  Ujn  sinQt  (2) 

this  phase  difference  is  given  by: 

<|)  =  (t)0 +r  sinQt  (3) 


+  r  sinQt 


where: 


^0  =  ,  F  =  :^nor63Uni  (4) 

Aq  A-o 

with:  no  -  the  unperturbed  crystalline  index  of  refraction 

r63  -  one  of  the  nonvanishing  electrooptic  coefficients  for  crystal  of  class  42m 
A,  0  -  the  free-space  wavelength  of  the  incident  light. 

For  an  imit-intensity  incident  beam  of  light  polarized  at  45°  to  the  induced  principal  axes  of 
the  modulating  crystal,  the  reduced  Jones  vector  of  the  emergent  light  is: 


'  '  |_0j  [ism((|)o +rsmQt) 


It  is  a  periodically  time-varying  Jones  vector,  a  periodically  time-varying  spinor,  which  represents  a 
periodically  time-varying  SOP. 
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By  using 


cos(r  sin  S)  =  X  J  2k  (r) 

k=-<o 

sin(r  sin  S)  =  -i  X  J  2k-i  (r) 

k=-oo 


(5)  may  be  developed  in  Fourier  series  as  it  follows: 


|n„„,)=  I  J2k(r) 

COS(t)Q 

*  •  j. 

JlkCh 

+ 1  i2k-i(n 

isin())Q 

1 

k=-oo 

isin<t)o 

k=-oo 

COS  (j)  Q 

with  J-Bessel  functions  of  the  first  kind. 


gi(2k-i)nt 


(6) 


An  entity  of  the  type 


with  ai^  and  &2v  complex  constants,  like  in  each  term  of  (6), 


describes  completely  the  SOP  of  each  spectral  component  of  the  light  emerging  from  the  modulator 
and  may  be  called  spectral  spinor.  Any  periodically  time-varying  spinor  can  be  developed  in  a 
series  of  spectral  spinors. 


A  spectral  development  of  the  type  (6)  is  very  expressive  concerning  the  SOP  analysis  of  the 
emergent  light.  From  (6)  is  straightforward  that: 

•  The  SOP  of  all  even  components  of  the  emergent  light  is  the  same,  generally  elliptical,  right- 
handed  or  left-handed.  The  SOP  depends  on  the  value  of  the  d.c.  bias  applied  to  the  modulator. 

•  The  SOP  of  all  odd  components  is  the  same. 

•  The  states  of  polarization  of  the  odd  components  and  of  the  even  components  respectively  are 
orthogonal: 


(rfodd  ^even  )  ~  ^ 


(7) 


Particularly  the  handedness  of  the  odd  components  is  opposite  to  that  of  the  even  ones. 


3.  TIME-VARYING  POLARIZATION  MATRICES  AND 
SPECTRAL  POLARIZATION  MATRICES 


At  the  level  of  observable  quantities,  all  the  information  concerning  the  SOP  and  the 
intensity  characteristics  of  the  emergent  light  is  contained  in  its  polarization  matrix: 


=  ^out)  (n 


out 


1 

COS(j) 

isin(|) 

[cos(t>  -isin<|)]  = 


2 


1  +  cos2((t)o  +  r  sinQt) 
isin2((t)o  +r  sinQt) 


-  isin2((J)o  +  r  sinQt) 
1  -  cos2((f»o  +  r  sinQt) 


which  is,  obviously,  a  time-dependent  Hermitian  matrix. 


(8) 
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+  SJ2n-l(2r) 


n=l 


-sin2(t)o 

icos2(j)o 


-icos2(|)o 

sm2(t)o 


sin(2n  -  l)Qt 


(10) 


This  is  the  spectral  content  of  the  time-varying  polarization  matrix  (8)  of  the  modulated  light  and 
we  shall  denominate  each  spectral  component  of  (8),  like,  let  say 


cos2<|)o  -isin2(|)o 
isin2<l)o  -cos2<t)o 


(11) 


as  spectral  polarization  matrix. 

Once  again,  this  time  in  terms  of  observable  quantities,  the  SOP  of  the  modulated  light  may 
be  analyzed  either  in  its  time  evolution  (8),  or.  complementary,  in  its  spectral  content  (10). 

From  (10)  it  is  seen  that,  generally,  the  polarization  matrix  of  the  modulated  light  oscillates 
both  on  the  odd  and  on  the  even  multiples  of  the  modulating  frequency.  All  the  odd  components 
have  the  same  state  of  polarization,  and  all  the  even  components  another  state,  orthogonal  to  the 
first. 


The  most  direct  information  concerning  the  modulated  light  in  terms  of  observable 
quantities  is  given  by  the  elements  of  the  principal  diagonal  of  the  polarization  matrices  (8)  and 
(10).  These  elements  give  the  intensities  of  the  modulated  light  extracted  by  analyzers  parallel 
respectively  perpendicular  to  the  polarization  direction  of  the  incident  light.  To  within  an  unrelevant 
factor 
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Ix,y  =  1 11,1  =  1  ±  cos2(j)o  cos(2r  sin£2t)  +  sin2(t)o  sin(2r  sinQt)  = 


=  1  ±  COS(j)Q  X!  J 2n  (2r)  cos2nQt  +  sin2(|)o  S  J 2n+i  sin(2n  + 1) 
n=0  n=0 


Both  the  X  and  y  linearly  polarized  components  of 
the  modulated  light  contain  generally  odd  and 
even  spectral  components;  they  oscillates  on  the 
odd  as  well  on  the  even  multiples  of  the 
modulating  signal  frequency. 

A  detailed  experimental  confirmation  of 
the  result  (12)  and  of  some  particular  cases 
important  from  a  practical  viewpoint  is  given  in  ® 
Fig.2  shows  an  example  of  a  spectrum  analyzer 
display  of  the  result  (12),  obtained  in  the 
arrangement  presented  in  Fig.l. 


Q0OKHZ 


4.  GENERALIZATION 


Fig.2  Typical  spectram  of  the  modulator  output 
intensity 


Let  us  put  now  the  topic  we  presented  in 

the  previous  example,  in  quite  general  terms.  A  whole  class  of  optical  modulators  is  of  polarization 
modulators  Even  many  intensity  modulators  perform  at  an  intermediate  stage  (e.g.  before  the  last 
polarizer)  a  modulation  of  the  SOP.  The  time-varying  full  Jones  vector  of  the  outcoming  modulated 
light  in  such  cases  is  of  the  form: 

“[aIo)]'*""’  03) 

where  Ai(t)  and  A2(t)  are  two,  generally  complex,  periodic  function  of  time,  whose  fundamental 
frequencies  are  determined  by  the  modulation  frequency  Q . 

Dropping  out  the  unobservable  *  time  variation  e’“®* ,  the  SOP  time-variation  of  the 
modulated  light  is  described  by  the  reduced  Jones  vector: 


nout(O)  ~ 


Ai(t) 

A2(t) 


The  time- varying  spinor  (14)  describes  a  generally  complicated  time- variation  of  the 
"polarization  form"  of  the  modulated  light.  We  have  to  point  out  that  the  time-variations  implied  in 
(14)  are  already  in  the  diaphason  of  observable  time-variations. 
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This  generally  complicated  time-variation  (14)  may  be  expressed  as  a  series  of  harmonic 
oscillations  of  time-invariant  SOPs; 


|nM(t))=  ict  (15) 

k=^  L^2kJ 

where  Ck  and  aik  are  constants  which  depend  on  the  detailed  characteristics  of  the  modulation 
process. 


Each  elementary  time-invariant  Jones  vector  of  the  series  (15), 


,  corresponds  to  a  well 


defined  time-invariant  polarization  form  (SOP),  which  oscillates  as  a  whole  with  the  frequency  kQ  , 


at  the  output  face  of  the  modulator.  The  series 


defines,  together  with  the  amplitudes  Ck ,  the 


spectral  structure  of  the  SOP  of  the  modulated  light.  The  spectral  Jones  vectors,  i.e.  the  spectral 


spinors. 


,  are  the  spectral  components  of  the  time-varying  Jones  vector,  i.e.  of  the  time- 


vaiying  spinor  (14),  and  the  complicated  time- variation  of  the  polarization  form  (14)  may  be 
conceived  as  a  result  of  the  superposition  of  these  components. 

In  (15),  unUke  (14),  a  separation  of  the  temporal  and  spinorial  variables  takes  place  and  each 
term  of  (15)  may  be  conceived  as  a  mode  of  oscillation  of  the  output  signal  of  the  modulator. 

The  reduced  Jones  vectors  describe  the  completely  polarized  light  with  the  maximum 
algebraic  brevity,  but  they  are  not  observable  entities.  Well-known,  observable  entities  are  the  Stokes 
vectors,  the  coherency  (polarization)  matrices  or  the  density  matrices. 

The  polarization  matrix  corresponding  to  a  Jones  vector  of  the  general  form  (13)  is; 

"^out  “  l^out)  {^out  1  ~  jnout)  (^out  1  ~ 

Ui(0 

This  time-varying  polarization  matrix  may  be  developed  in  a  Fourier  series 

n=-00  L^21ii  ^22n_ 

The  (time-invariant)  spectral  polarization  matrices 


hln  ^12n 
/21I1  /22I1 
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together  with  the  coefficients  B„  give  the  spectral  content  of  the  global  polarization  matrix  (17)  of 
the  output  light. 
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ABSTRACT 

Conjugated  wavefront  fidelity  has  been  evaluated  using  an  interferometer  with  a  phase  conjugate  mirror  and 
fringe  pattern  computer  processing.  The  quantitative  interpretation  of  the  fringe  patterns  is  performed  using  direct 
spatial  phase  reconstruction  methods  (in  the  space  and  Fourier  domains).  A  set  of  algorithms  for  fast  and  accurate 
phase  evaluation,  by  fringe  pattern  processing,  were  derived.  The  result  of  optical  interferograms  evaluation  appears  in 
terms  of  different  phase  representations.  These  methods  have  been  verified  by  studies  of  the  optical  phase  conjugation 
fidelity  in  photorefractive  crystals. 

Keywords:  optical  phase  conjugation  fidelity,  phase  demodulation 


1.  INTRODUCTION 

The  phase  conjugation  is  optically  characterised  by  two  parameters:  the  “reflectivity”  of  the  phase  conjugate 
mirror  and  the  fidelity  of  the  conjugated  wavefront  reconstruction.  The  fidelity  is  the  key  parameter  in  many  important 
applications  of  the  Optical  Phase  Conjugation  (OPC):  image  projection  by  OPC,  interferometer  with  OPC  mirrors, 
adaptive  optics,  phase  distortion  compensation  in  waveguides  and  in  stimulated  scattering  processes. 

The  evaluation  of  the  OPC  fidelity  was  done  by  (i)  methods  based  on  measurements  of  the  conjugate  wave 
divergence and  (ii)  interferometric  methods^  ‘‘^’ 

Essentially,  methods  in  the  first  group  consist  of  the  computation  of  the  ratio  between  the  conjugate  beam 
energy  contained  within  a  given  solid  angle,  and  the  total  energy  of  this  beam,  with  and  without  an  aberrator  in  the 
path  of  the  probe  (signal)  beam.  These  methods  require  simple  components  and  measurements,  but  they  do  not  provide 
information  about  energy  distribution  within  or  around  the  chosen  aperture  and  about  wavefront  shape  changes,  when 
inserting  an  aberrator. 

Interferometric  methods  involve  more  complex  experimental  set>ups,  but  they  are  more  accurate  and  provide 
also  information  related  to  the  wavefront  shape. 

In  this  paper  we  evaluate  the  conjugated  wavefront  fidelity  using  an  interferometer  with  a  phase  conjugate 
mirror  and  the  computer  processing  of  the  fringe  patterns.  The  interferometer  is  used  to  produce  the  interference 
pattern  of  the  incident  signal  wave  with  the  conjugate  wave,  in  two  cases:  with  and  without  a  phase  aberrator  inserted 
in  the  path  of  the  signal  beam.  In  a  perfect  conjugation,  the  interference  pattern  should  not  change  when  the  aberrator 
is  inserted.  However,  if  the  wavefront  reconstruction  is  not  perfect,  the  fringes  are  distorted  in  a  way  that  depends  on 
the  type  of  the  inserted  phase  aberrator.  The  quantitative  interpretation  of  the  fringe  patterns  is  performed  using  direct 
spatial  phase  reconstruction  methods  (in  the  space  and  Fourier  domains)^^’  A  set  of  algorithms  for  fast  and  accurate 
phase  evaluation  from  fringe  patterns,  by  image  processing,  were  derived.  The  evaluation  of  optical  interferograms 
appears  in  terms  of  different  phase  representations. 

These  methods  have  been  verified  by  studies  of  the  OPC  fidelity  in  photorefractive  crystals. 
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2.  EXPERIMENTAL  SET-UP 


The  experimental  set-up  we  built  to  obtain  the  conjugate  wave  and  evaluate  the  conjugated  wavefront  fidelity 
is  shown  in  Fig.  1.  A  Bii2Ti02o  (BTO  )  photorefractive  crystal  (size  6x8x8  mm*^)  is  used  as  non-linear  material  in  a 
classical  four-wave  mixing  configuration.  The  He-Ne  laser  beam  (X  =  632.8  nm,  P  =  30  mW)  is  divided  (by  the  beam¬ 
splitter  BSl)  in  the  signal  (S)  and  pump  (PI)  beams  incident  (after  reflection  on  mirrors  M2  and  M3,  respectively)  on 
the  BTO  crystal.  The  second  pump  beam  (P2)  is  obtained  from  the  first,  (PI),  after  passing  through  the  crystal  and 
being  reflected  by  the  mirror  M4  placed  behind  the  BTO  crystal.  The  conjugated  wave  (C)  is  separated  by  a  beam¬ 
splitter  (BS2)  and  read  by  a  CCD  camera,  connected  to  a  TV  monitor  and  to  a  home-made  Image  Acquisition  and 
Processing  System  (lAPS)  (which  digitizes  and  stores  the  images),  interfaced  to  a  PC.  The  beam-splitter  (BS3)  is 
introduced  in  the  path  of  the  signal  beam  to  separate  a  reference  beam  (R)  (identical  as  wavefront  shape  with  the 
signal  beam)  that  interferes,  after  reflection  on  the  mirror  M5,  with  the  conjugated  beam.  An  aberrator  (AB)  is 
inserted  in  the  path  of  the  signal  beam,  in  order  to  analyse  the  changes  in  the  resulting  phase  conjugated  beam.  A 
variable  attenuator  (VA),  introduced  in  the  laser  beam  can  change  the  intensity  of  the  signal  (S)  and  the  pump  (PI, 
P2)  beams,  varying  the  response  time  of  the  BTO  crystal  and,  consequently,  the  recording  time  of  the  interferograms. 
The  signal,  pump,  reference  and  conjugate  beams  are  not  expanded.  The  angle  between  S  and  PI  beams  is  60°.  To 
compare  the  “reflection”  on  the  “phase  conjugate  mirror”  with  an  ordinary  one,  a  plane  mirror  was  introduced  instead 
of  the  BTO  crystal. 


Fig.  1.  The  experimental  set-up  for  obtaining  the  conjugated  wave  and  evaluation  the  conjugated  wavefront  fidelity. 


We  used  as  aberrators  a  50  cm  focal  length  lens,  a  2°  prism  and  a  glass-window  with  a  phase  discontinuity 
shown  in  Fig  2.  Fig.  2  shows  the  phase  map  (obtained  by  DSROP  processing  of  a  double-exposure  holographic 
interferogram)  of  this  glass-window. 


Fig.  2.  (a)  Double  exposure  holographic  interferogram  of  a  glass-window  with  a  phase  discontinuity,  used  as  phase 

aberrator;  (b)  the  3D  calculated  phase  distribution. 
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3.  DIRECT  SPATIAL  PHASE  DEMODULATION  OF  OPTICAL  INTERFEROGRAMS 


Direct  spatial  reconstruction  of  optical  phase  (DSROP)  in  the  space  and  Fourier  domain  uses  single  pattern 
analysis  being  faster  than  phase  shifting  methods*"^. 

A  phase-modulated  image  can  be  defined  as  a  2D  function: 

I(x,y)  =  A(x,y)  +  B(x,y)  cos  [2  7ru^x  +  <t>^(x,y)]  (1) 

A(x,  y),  B(x,  y)  -  background,  respectively,  contrast,  Uq  -spatial  carrier  frequency,  y)  -phase  modulation. 

In  the  space  domain,  phase  demodulation  can  be  accomplished  by  the  multiplication  of  the  fringe  pattern  (FP) 
with  the  reference: 

R(x,y)  =  exp  (2  i  tiUq  x)  .  (2) 

The  product  l(x,y)  R(x,y)  consists  of  two  rapidly-varying  functions  and  one  slowly-varying  term.  By 
smoothing  this  pattern  over  Aq  =  1/uq,  only  the  slowly-varying  term,  Y(x,y),  is  obtained.  The  spatial  phase 


distribution  is  given  by: 

y)  =  -  tan'  ‘  {Im  [K(x.  >-)]  /  Re[Y(x,  y)] } .  (3) 

Phase  demodulation  in  the  Fourier  domain  relies  on  the  description  of  the  wavefront  recording  and 
reconstruction  in  holography.  Eq.  (1)  can  be  written  as: 

I(x,y)  =  A(x,y)  +  C(x,y)exp[i(27Cu„x)]+C’(x,y)exp[-i(27Cu„x)]  (4) 

where:  U(x,y)  =  ^^^^^exp[/<I>^(x,y)]  (5) 

Taking  the  Fourier  transform  of  eq.  (4): 

/(u,v)=  y(u,v)4-  ^^U-Uq,V^+  ^'^(u-|-Uq,v)  (6) 

After  the  band-pass  filtering  of  the  term  ^(w,v)  and  the  computation  of  the  inverse  Fourier  transform,  the 
phase  modulation  can  be  obtained  directly,  as: 

a.m(x,  y)  =  -tan-‘{Im  [C(x,  y)]/ Re[C(x,  y)]}  (7) 

4.  RESULTS  AND  DISCUSSION 


Fig.  3  and  4  present  interferograms  obtained  with  a  “phase  conjugate  mirror”  and  an  ordinary  mirror, 
respectively,  and  the  corresponding  phase  maps,  calculated  using  the  DSROP  algorithms.  The  phase  maps  show  the 
measure  of  the  wavefront  reconstruction  fidelity  in  optical  phase  conjugation. 

The  fringes  in  Fig.  3  have  approximately  the  same  period  and  orientation  independent  of  the  type  of  the  phase 
aberrator  inserted  in  the  path  of  the  signal  beam. 

The  strong  dependence  of  the  fringe  orientation  and  shape  on  the  aberrator  type  can  be  noticed  in  Fig.  4, 
when  an  ordinary  mirror  was  used. 

The  signal  wavefront  shape  is  not  varying  when  changing  the  aberrator,  in  the  “phase  conjugate  mirror”  case, 
as  in  Fig.  3  (b,c,d). 

Important  differences  in  this  shape  can  be  observed  in  the  ordinary  reflection  case,  as  in  Fig.  4  (b,c,d). 

The  interferogram  generated  when  using  the  prism  as  aberrator  could  not  be  obtained  with  an  ordinary 
mirror,  due  to  the  strong  deflection  produced  by  the  two  signal  passings  through  the  prism.  The  “phase  conjugate 
mirror”  produces  a  good  correction  of  this  aberration. 
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(d) 


Fig.  3  Interferograms  for  wavefront  reconstruction  fidelity  evaluation  obtained  using  a  BTO  crystal  as  a  “phase 
conjugate  mirror”  in  a  4WM  set-up  and  the  corresponding  phase  maps  with  no  aberrator  (a)  and  the  following 
aberrators:  (b)  the  glass-window  with  a  phase  distribution  shown  in  Fig.  2;  (c)  a  50  cm  focal  length  lens;  (d)  a  2  deg. 
prism. 
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Fig.  4  Interferograms  obtained  using  an  ordinary  mirror  and  the  corresponding  phase  maps  with  no  aberrator  (a)  and 
the  following  aberrators:  (b),  (c)  the  glass-window  with  a  phase  distribution  shown  in  Fig.  2,  in  two  different 
positions;  (d)  a  50  cm  focal  length  lens. 
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5.  CONCLUSIONS 


The  proposed  methods  for  evaluation  of  the  conjugated  wavefront  fidelity  (yielded  by  photorefractive  crystals) 
using  an  interferometer  with  OPC  mirror  and  a  modern  evaluation  technique  of  the  fringe  patterns,  were  tested  with 
good  results.  This  interferometric  method  is  independent  of  the  non-linear  process  involved  in  generating  the  phase 
conjugated  wavefront  in  the  photorefractive  process  and  could  also  be  applied  for  phase  conjugation  studies  by 
stimulated  Brillouin  scattering. 
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ABSTRACT 

Improvements  in  Talbot-moire  deflectometry  are  presented.  A  Talbot-moire  interferometer,  using  a  laser 
diode  as  light  source,  a  single  grating  and  a  CCD  camera,  placed  in  one  of  the  Talbot  planes,  was  set-up.  The 
computer  yields  a  moire  pattern  by  mixing  the  acquired  Talbot  image  of  the  first  grating  with  the  reference  generated 
by  computer  or  stored  as  an  undisturbed  external  grating  Talbot  image.  For  moire  pattern  processing,  direct  spatial 
reconstruction  of  optical  phase,  in  spatial  and  Fourier  domains,  implemented  in  a  high-level  image  processing 
language  (IDL®),  was  employed.  The  theoretical  limit  of  the  relative  error  of  Talbot-moire  deflectometry  was  verified 
by  measuring  the  focal  length  of  a  lenticular  system  with  controlled-focal-length. 

Keywords:  Talbot-moire  deflectometry,  fringe  pattern  processing,  optical  phase  reconstruction 

1.  INTRODUCTION 

Talbot  interferometry  was  introduced  by  Lohmann  and  Silva\  and  by  Yokozeki  and  Suzuki^  as  a  method  to 
measure  the  derivatives  of  the  wavefront  transmitted  and  reflected  by  an  object  exploiting  the  self-imaging  property  of 
a  grating  at  integer  multiples  of  the  Talbot  distance,  Zj  -lA^IX  (A  -  period  of  the  grating,  X  -  wavelength).  Kafri^ 
developed  Talbot-moire  deflectometry  using  two  gratings  to  obtain  a  moire  pattern  distorted  by  the  object  wavefront. 
Both  transparent  and  reflecting  objects  were  experimentally  investigated  by  moire  deflectometry,  showing 
straightforward  interpretation  of  the  fringes,  high  stability,  and  measurement  accuracy A  simple  moire 
deflectometer  design  (the  first  grating  at  integer  multiples  of  the  Talbot  distance  from  the  TV  camera  and  the  second 
grating  computer  generated  and  mixed  with  the  direct  image  on  the  TV  monitor)  has  been  reported^. 

In  this  paper,  we  develop  the  same  structure  -  one  grating  located  at  a  distance  nzj  from  the  photosensitive 
array  of  a  CCD  camera  and  the  second  grating  software-generated  and  mixed  with  the  acquired  image.  We  have  used 
a  digital  image  processor  consisting  of  a  CAM  AC  unit  interfaced  to  a  PC  that  has  been  described  elsewhere^.  In 
computerised  Talbot-moire  deflectometry  (CTMD)  the  digital  image  processor  is  used  for  fringe  pattern  acquisition, 
processing  and  interpretation.  CTMD  experiments  have  established  an  ensemble  of  precise  and  convenient  optical 
measuring  methods  in  a  robust  and  simple  system. 

2.  CTMD  USING  ONE  GRATING 

In  moire  deflectometry^,  a  collimated  light  beam  is  deflected  by  a  transparent  or  reflective  object  and  the 
deflection  angle  8(x,y)  is  evaluated  by  the  local  displacement  of  the  moire  pattern  produced  by  two  identical  gratings 
of  A  period  (Gi,  G2),  separated  by  a  distance  nzj  and  slightly  rotated  by  an  angle  0  [Fig.  1(a)]. 

G)  G, 


(a)  (b) 

Fig.  1  (a)  Talbot  -  moire  deflectometry;  (b)  Computerised  moire  deflectometry  using  the  Talbot  effect. 
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It  is  possible  to  obtain  the  same  results  using  only  one  grating  (G)  at  the  distance  nzj  from  the  photosensitive 
array  of  a  TV  camera  and  storing  two  coded  images  (states)  of  the  investigated  object  in  the  computer-based  image 
processor  memory  [Fig.  1(b)].  The  digital  mixing  of  the  two  images,  the  display  and  processing  of  the  moir6 
deflectogram  are  performed  by  computer.  There  are  at  least  two  forms  of  this  double-exposure  method:  (I)  mixing  the 
object  image  with  a  stored  reference  image  (with  the  particular  case  of  the  computer-generated  reference  image)  and 
(2)  mixing  the  current  object  image  with  a  previously  stored  object  image,  i.e.,  a  differential  method  (with  advantages 
regarding  the  elimination  of  optical  imperfections  and  noise). 

2.1.  Analysis  of  CTMD  with  tilted  gratings 

The  rotated  (by  small  0)  grating  image,  when  the  phase  object  is  missing,  can  be  written  as: 

Ij  =I^cos^{(27C /  A) •  [xsin(0  /  2)  +  ycos(0  /  2)]}  (1) 

Introducing  the  phase  object  (as  in  Fig.  I)  leads  to  a  small  deflection  of  the  illumination  beam  and  to  grating 
shifts  along  the  x-axis,  by  Xo  ,  and  the  y-axis,  by  yo ,  written  as: 

I  ^  =  I ^  cos^  { (271  /  A)  •  [-(x  -  x  Q )  sin(0  /  2)  +  (y  -  y  Q )  cos(0  /  2)] }  (2) 

Subtracting  Eqs.  (I)  and  (2),  neglecting  the  products  between  the  small  translations  and  the  angle  0,  one 

obtains: 

I  =  Ij  =I^sin{(47r/ A)  [x  +  y^  /(2tan(0/2))]-sin(0/2)}-sin[(27t/ A)-(y->yQ  /  2)  •  cos(0  /  2)]  (3) 

Eq.  (3)  shows  that  the  straight  moire  fringes  (of  period  p  =  PJ[2  sin  (0  /2)]),  perpendicular  to  the  x-axis, 
appearing  when  the  phase  object  is  absent,  are  shifted  significantly,  when  introducing  the  object,  only  along  the  x-axis, 
by: 

Ax  =  y^  /(2tan(0/2))  (4) 

If  the  illuminating  beam  deflection  along  the  y-axis  (in  the  plane  x,y)  is  denoted  by  5y(x,y),  one  can  write: 

8y  =yQ  /(nz.^)  =  [2Ax/(nz^)]-tan(0/2)  (5) 

This  result  is  identical  to  Kafri’  s  deflection  equation\  demonstrating  the  full  correspondence  between  moir6 
deflectometry  and  single  grating  CTMD. 

By  rotating  the  gratings  by  one  can  similarly  obtain  the  orthogonal  deflection  angle  5,v 
Considering  the  case  of  small  0,  Eq,  (3)  yields: 

=  [Ax/(nz^)]*0  ==  [Ax  /(nz^)]*  A /p  =  [Ax  /  p]- A /(nz.^)  =  [Ax /  p]- X/  (2nA)  (6) 

a  relation  that  shows  that  CTMD  sensitivity  can  be  varied  independently  by  three  parameters:  the  grating  period  A,  the 
grating  tilt  0,  and  the  Talbot  index  n. 

2.2  CTMD  for  transparent  objects 

Transparent  objects  are  studied  by  CTMD  in  the  set-up  of  Fig.  1(b).  For  small  deflections  (i.e.,  small 
refraction  index  gradients  3n/9y,  yielded  by  a  phase  object),  the  deflection  angle  is: 

6v(x, y)=  (1  / njj (3  n  / 9  y)^  d  z  (7) 

I) 

where  no  is  the  index  of  the  homogeneous  medium  in  which  the  object  of  thickness  L  is  immersed.  Eq.  (7)  allows 
direct  calculation  of  the  refractive  index  gradient  from  the  experimental  measured  deflection  angle.  In  the  case  of  axis- 
symmetric  objects,  the  distribution  of  the  refractive  index  is  related  to  5y/y  by  the  Abel  transformation. 

We  remark  that,  in  CTMD  without  tilting  for  transparent  objects,  one  can  measure  and  determine 
quantitatively  the  second  order  derivatives  of  the  refractive  index.  Therefore,  CTMD  can  give,  from  experiments  and 
simple  algorithms,  accurate  data  on  the  refractive  index  profiles  as  well  as  their  first  two  derivatives  in  a  phase  object. 

An  application  of  CTMD  for  transparent  objects  appears  in  the  measurement  of  the  focal  length  of  lens^*'^’^.  In 
this  particular  case,  CTMD  with  tilted  gratings  yields  straight  moird  fringes  that,  when  introducing  the  lens,  are 
rotated  by  an  angle  a  from  their  position  in  the  absence  of  the  lens  (Fig.  2). 
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a  bed 

Fig.  2  Fringe  and  moire  patterns  obtained  by  CTMD  in  the  measurement  of  lens  focal  lengths 

(a)  image  of  the  Ronchi  grating  (A=0.1  mm);  (b)  image  of  a  4m  focal  length  lens  “seen”  through  the  Ronchi  grating 
represented  in  (a);  (c)  moire  pattern  produced  by  computer>mixing  of  two  tilted  (by  0  «  4°)  grating  images  of  the  kind 
represented  in  (a);  (d)  moire  pattern  produced  by  computer  mixing  of  the  grating  image  represented  in  (a)  with  the 
lens  image,  represented  in  (b),  tilted  by  0  ~  4°.  A  rotation  (by  a  «  6°)  of  the  moire  pattern  is  produced  when 
introducing  the  lens  [rotation  angle  between  moire  fringes  represented  in  (c)  and  (d)]. 


The  focal  length  f  of  the  lens  is  given  by: 

f  =  Zj  +[z^  /2sin(0/2)]-l/tana 

For  small  0  and  a,  one  can  use  the  simple  approximation: 
f  ~  nz^  /  (0  a) 


m 
— % 

o 

>< 

o 


(8) 

(9) 


Fig.  3.  Graphical  representation  of  Eq.  (8)  for  different  0  values,  error  representation  and  experimental  results 

Some  graphical  representations  of  Eq.  (8)  for  different  0  values  together  with  the  experimental  results  and 
the  error  calculations  are  given  in  Fig.  3.  Considering  some  limit  values  in  CTMD,  (nzT)max  ~  Im,  0min  10’^  rad,  and 
oCmin  10'^  rad,  the  maximum  focal  length  that  can  be  measured  is  f^ax  =  10"^  m.  For  small  f  (under  a  few  meters), 
CTMD  can  be  used  but  it  is  in  hard  competition  with  other  methods. 


3.  DIRECT  SPATIAL  RECONSTRUCTION  OF  OPTICAL  PHASE  WITH  A  SHEARED  PERIODIC 

PATTERN 


The  tested  object  is  “seen”  by  the  TV  camera  through  a  grating  which  is  rotated  in-plane  and  around  the  x- 
axis  by  a  small  angle,  0/2  (Fig.  4).  The  object  yields  small  deflections  of  the  coherent  illumination  beam  and  grating¬ 
line  shifts  along  the  x-axis,  by  ;c„  =  y) ,  and  along  y-axis,  by  y\,  =  >\,(jc,  y) ,  so  the  detected  intensity  pattern  can 


be  written  as: 

I(x,  y)  =  I„  + 1,  cos^  27tu„[-(x  -  x„)sin(e  /  2)  -  (y  -  y„)cos(e  /  2)]  = 

=  A(x,  y)+ B(x,  y)cos  4k  u„[-(x  -  x„)sin(e  /  2) -  (y  -  y„)cos(e  /  2)] 


(10) 


Fig.  4  Rotated  carrier  (grating)  and  the  corresponding 
sheared  reference  used  in  direct  spatial  reconstruction  of 
optical  phase’^^  (DSROP) 


If  the  reference  pattern  is  a  grating  rotated  around  the  x-axis  by  the  angle  (-0/2),  modulating  a  ID  carrier 
along  the  x-axis,  then: 

r  1  /  \ 

(11) 


and: 


R^(x,y)=  cos47r  u^(xsin(0  /  2) -i- ysin(0  /  2))jcos^87C  UQXsin(0/2)j 
I  R^  -  A  R^  +  O.SBcos  8h  ”  Vq  /  2jcos(0  /  2)j  -  cos^87r  u^  sin(0  /  2)j- 


+  0.5  cos* 


(12) 


8n  Uq^x  +  y^  /  (2tan(0  /  2))jsin(0  /  2)  •cos^8k  UQXsin(0/2)j 

The  product  moir6  pattern  phase  shift  is  significant  only  along  the  x-axis: 

A(t)  =  47i  u^y^ /tan(0/2)  (13) 

This  phase  shift  can  be  obtained  from  Eq.  (12)  by  a  low-pass  filtering  which  will  eliminate  all  terms  except: 

=  cos^47t  u^y^  cos(e  /  2)j  (14) 

By  multiplication  with  a  quadrate  reference: 

Rg(^,y)  =  [cos47r  u^(xsin(0  /  2)  + ysin(0  /  2))|sin^87i  u^xsin(0/2)j  (15) 

and  by  the  same  filtering,  one  can  obtain: 


=  sin|47C  u^y^  cos(0  /  2)j 


(16) 


and  finally: 

yQ  =  [l/(47t  UQCos(e/2))]tan-l(Y^/Y^)  (17) 

Similarly,  by  rotating  the  external  grating  and  the  reference  pattern  (grating)  in  the  orthogonal  p'osition,  one 
can  obtain  Xo.  The  deflection  angles  can  be  determined  by  dividing  Xo  and  yo  by  (nz^ )  /  (sin(0  /  2)) . 
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Fig.  5.  CTMD  for  refractive  index  homogeneity  investigation  in  an  ordinary  piece  of  glass  (with  a  phase  discontinuity) 
(a)  transparent  object  “seen”  through  a  Ronchi  grating  (A=0.1  mm);  (b)  moire  pattern  obtained  by  computer  mixing  of 
the  image  represented  in  (a)  with  a  tilted  (by  0  >=  3°)  reference;  (c),  (d)  2D,  respectively  3D  deflection  angle  maps  for 
the  transparent  object  “seen”  in  (a) 

CTMD,  applied  to  transparent  (phase)  objects,  can  replace  in  many  cases  the  interferometric  methods, 
Schlieren  photography  (0  ^  0),  and  shadowgraphy  (0  =  0)  due  to  simple,  easy-to-align,  and  stable  optical  system  as 
well  as  to  the  real-time  data  acquisition  and  processing. 

4.  CONCLUSIONS 

CTMD  for  the  measurement  of  the  deflection  angles  in  transparent  objects  was  theoretically  and 
experimentally  demonstrated.  The  optical  system  that  has  been  used  is  simple,  easy-to-align,  and  stable.  A  new 
algorithm,  DSROP  with  a  sheared  periodic  pattern,  implemented  using  a  high-level  image  processing  language  (IDL®) 
was  used  for  CTMD  fringe  processing.  The  high  sensitivity  of  CTMD  makes  it  competitive  with  respect  to  the 
conventional  interferometric,  Schlieren,  shadow,  and  moire  methods. 
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ABSTRACT 

The  paper  presents  a  data  processing  algorithm,  based  on  a  deconvolution  technique  that  enables  the  recovery  of  the 
low  intensity  spectral  lines,  in  connection  with  the  analysis  of  the  radiative  mechanisms  from  the  non  isothermal  plasma  of 
a  hollow  cathode  discharge.  This  method  represents  a  useful  tool  in  the  study^  of  the  radiative  competitive  processes 
involved  in  the  selective  excitation  mechanisms  for  UV  and  \isible  spectral  line’s  emission.  It  permits  the  evaluation  of  the 
second  kind  collision's  weight  in  conjunction  with  the  concentration  of  the  plasma  ions  for  different  discharge  parameters. 

Keywords:  hollow  cathode  discharge,  deconvolution  methods,  second  kind  collisions,  selective  excitations 

1.  INTRODUCTION 

In  the  hollow  cathode  discharges  the  occurrence  of  second  kind  collisions  processes  could  induce  selective  excitations 
of  the  plasma  atoms  and  ions.  Of  practical  interest  for  spectral  sources  and  lasers  active  media  are  the  line’s  intensity 
increasing  by  selective  excitation  of  the  Copper  vapor  atoms  obtained  by  cathode  sputtering  under  ionic  bombardment  in 
pulsed  hollow  cathode  discharge  in  noble  gases'  mixtures  ^  In  normal  discharge  conditions,  at  relatively  low  current 
density  (luminescent  discharges),  the  Copjper  lines  of  interest  are  of  very  low^  intensity^  comparing  with  the  noble  gases 
lines,  in  many  cases  being  covered  by  the  background  Our  spectral  investigation  purpose,  is  to  detect  these  lines  and  to 
identify  the  radiative  mechanisms  involved  in  their  emission  in  order  to  further  tune  the  experimental  conditions  (noble 
gases  partial  pressures,  cathode  geometry,  current  density)  to  obtain  their  selective  excitation. 

2.  EXPERIMENTAL  CONDITIONS 

The  hollow  cathode  discharge  was  jwoduced  in  discharge  tubes  (Fig.l)  consisted  by^  a  water-cooled  Copper  cathode 
with  a  longitudinal  rectangular  slot  (4^  mm  depth,  2  mm  width,  60-s-lOO  mm  length),  an  anode  from  a  wolfram  rod  (2 
mm  diameter)  or  from  a  Copper  cylinder  of  small  diameter  and  two  quartz  windows  (Brewster-angled  positioned  in  some 
experimental  cases).  The  discharge  gap  was  pumped  to  10^  torr  and  was  filled  with  pure  noble  gases  (He,  Ne  or  Kr)  or 
mixture  of  them  (He-Ne,  He-Kr,  or  Ne-Kr)  at  pressure  between  l'^10  torr. 


anode 


Brewster  t  cathode  I 

angled  window  water  cooling 


anode 


hollow  cathode 


Fig.  1.  Hollow  cathode  discharge  tube 
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The  experimental  setup  for  plasma  radiation  investigations  is  presented  in  Fig.  2.  It  consists  from  a  ^ting 
monochromator,  on  the  entrance  slit  of  which  the  radiation  emitted  by  the  hollow  cathode  discharge  is  directed  through  a 
collimating  lens  system.  A  photomultiplier  attached  to  the  monochromator  exit  slit  convert  the  radiation  in  an  electric 
current  that  is  further  amplified  and  converted  in  a  digital  signal  by  the  data  acquisition  unit  and  send  it  to  a  computer  to  be 
stored  and  processed. 


The  electric  parameters  of  the  discharge  are  also  monitored  by  the  data  acquisition  unit.  The  hollow  cathode  discharge 
was  operated  by  a  power  supply  that  could  deliver  energy  in  a  DC,  pulsed  or  DC+  pulsed  regimes. 

3.  SELECTIVE  EXCITATION  PROCESSES 

The  radiative  processes  that  contribute  to  the  selective  excitation  of  desired  energy  states  include:  resonant  excitation- 
energy  transfer  involving  atom-atom,  atom-ion,  and  molecule-molecule  reactions,  charge  transfer,  and  Penning  reactions. 

In  the  conditions  of  discharge  in  mixture  of  He  -  Kr,  in  a  rectangular  geometry  of  the  cathode,  the  presence  of  Cu 
vapors  and  the  collisions  of  metal  atoms  and  ions  with  the  noble  gas  atoms  will  direct  to  important  perturbations  in  the 
populations  of  excited  states,  with  notable  effects  on  the  spectral  line  intensities. 

Due  to  the  resonance  between  the  energy  levels,  in  ternary  mixtures  of  noble  gases  and  metal  vapors  (He  ~  Kr  -  Cu), 
there  are  possible  collisional  processes  of  second  kind,  as  is  indicated  in  Fig.  3,  that  lead  to  selective  excitation  of  atoms 
and  ions: 

He  ^(15^81^2)  +Cu(4S^^d)  ->‘He(lSo)  +Cu"^(4f^D®)  -  asymmetrical  charge  transfer  (1) 

He  ^(2s^So )  or  (2s^Si )  +  Kr  (ss^p)  He(lSo  )  +  Kr^  (ss'^p)  -  resonant  excitation  energy  transfer  (2) 

The  effect  of  this  processes  is  the  increase  of  concentration  of  Cu^  and  Kr^  ions  that  are  very  efficient  sputtering  agents. 

A  comparison  of  spectra  recorded  in  pure  gases,  respectively  in  mixtures  (Fig.  4),  shows  the  remarkable  effect  produced 
on  the  selective  excitation  of  energy  states  of  Cu  atoms,  produced  through  the  very  effective  sputtering  due  to  the  inq>act  of 
Kr^  ions  and  of  selfsputtering  of  metal  ions. 

Concerning  their  role  of  sputtering  agents,  a  competition  will  appear  between  Kr  and  Cu  ions.  The  symmetrical  charge 
exchange  will  maintain  the  luetic  energy  of  the  noble  gas  ion  at  low  values  -  the  effect  being  more  important  at  larger 
partial  pressures  of  the  respective  component  of  gas  mixture.  The  role  of  He  ions  as  sputtering  agents  is  less  important; 
their  role  is  rather  to  contribute,  throu^  the  resonant  asymmetric  charge  exchange,  to  the  ionization  of  metal  atoms  and  to 
the  selective  excitation  of  sputtered  metal  ions. 

Comparing  the  emmited  line  spectra  (Fig.  4),  it  is  to  be  observed  that,  in  comparison  with  the  pure  gas,  where  the 
excitation  of  Cu  is  very  difficult  to  be  observed,  in  He  -  Kr  mixture,  this  is  stron^y  favorised. 

It  is  to  be  mentioned  that  in  conditions  of  low  partial  p*essures  of  Kr  (pKr=  0.04  torr,  pHefKr=  4.24  torr)  there  are 
established  optimal  conditions  for  the  excitation  of  Cu  I  as  well  as  of  Kr  II  lines. 
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Another  example  of  radiative  process  is  the  asymmetric  charge  transfer  between  Ne  ions  and  Cu  atoms 
that  appear  in  the  hollow  cathode  discharge  in  Ne: 

Ne^(2p’^P®)+Cu->Ne+Cu^(5s*D)  (3) 

The  reactions  (1)  and  (3)  represents  transfer  of  excitations  processes  that  leads  to  the  selective  excitation 
of  Cu  II  lines,  5100  A  and  respectively  2600  A,  both  of  laser  interest  ^  The  detection  of  these  lines  in 

plasma  spectrum,  even  at  low  intensity,  represents  important  indicators  on  the  radiative  processes  that  take 
place  in  plasma,  to  further  perform  their  amplification  by  selective  excitation. 

In  many  cases  the  increasing  of  some  particular  spectral  line  intensity  require  important  changes  in  the 
design  of  the  tube  discharge  or  in  the  power  supply  parameters  that  imply  auxiliary  experimental  efforts 
and  costs.  The  analysis  of  the  weak  spectral  lines  by  deconvolution,  and  the  identification  of  the 
corresponding  radiative  mechanisms  permits  a  better  tuning  of  the  experimental  conditions  in  order  to 
obtain  selective  excitations. 

It  was  established,  by  the  analysis  of  the  low  intensity  Cu  lines,  recovered  from  the  plasma  radiation 
spectrum  emitted  in  a  hollow  cathode  discharge  in  Ne  in  DC  regime,  that  in  order  to  increase  their  selective 
excitation,  higher  discharge  currents  are  required.  This  impose  the  use  of  pulsed  discharges  at  high 
currents.  Figure  5  illustrate  the  role  of  pulsed  discharge  on  the  excitation  of  Copper  spectral  lines. 


Fig,  5.  Role  of  the  pulsed  discharge  on  the  excitation  of  Cu  spectral  lines: 
a)  DC  regime;  b)  High  current  pulses. 
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4.  THE  INTENSITY  OF  SPECTRAL  LINES 

A  characteristic  plasma  spectrum  /(v)  is  a  superposition  of  lines  with  Voigt  profiles  with  different  central  frequency 
The  Voigt  profile  fv  is  the  result  of  the  convolution  between  the  natural  shape  of  the  spectral  line  and  the  Doppler  and 
Lorentz  collision  profiles  due  to  Doppler  effect  broadening  and  collisions  broadening. 


/(v)=  b„-fyjv-yj= 

m=l  m=l 


n 


I 


dy 


(4) 


with: 


a 


m 


A  Vo 


A  Vo 


4m. 


(5) 


/„  is  the  line  intensity  and  Ava^,  Avq  ,  Avo  are  the  line  half-width  due  to  natural,  collision  and  respectively  Doppler 
broadening.  The  parameter  depends  on  the  pressure  p,  temperature  T  and  on  the  atom  or  ion  spectral  line  (by  Cmt,  Cm2, 
Cm3,  Cm„,  constants): 


^  .Cm^+Cm2k  +  Cm34T)-p  rj;^ 

Cm.4f 


(6) 


In  many  cases  the  Voigt  profile  could  be  well  approximated  b>'  the  Gaussian  shape  of  the  Doppler  profile: 


/k„(v-v„)->/d, 


/  s  -  |/m2 

,(v-v„)=2- - 

I  7: 


A  Vr 


(7) 


In  our  numerical  simulations  we  have  used  spectra  generated  by  formula  (4)  using  different  profiles  for  the  spectral 
lines;  most  of  them  are  very  well  approximated  by  gaussian  shapes. 

The  plasma  spectrum  obtained  with  the  monochromator  and  the  photomultiplier  is  recorded  on  computer  through  the 
analog-digital  acquisition  unit.  The  digital  data  form  a  temporal  series  S(r),  obtained  as  a  result  of  a  convolution  process 
between  the  spectral  intensity  /( v)  and  the  system  transfer  function  T{t,  v),  according  to  the  following  relation: 

S(/)=  J/(v)T(/,vVv  =  7(v)®7’(t,v)  (8) 
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In  general  the  transfer  function  is  invariant  at  the  frequency  translation  (for  short  spectral  ranges),  and  could  be 
approximated  with  a  gaussian.  The  consequence  of  the  invariance  at  frequency  translation  is  the  transfer  function 
dependence  on  a  single  variable,  the  difference  A  univoque  correspondence  exist  between  the  temporal  variable  t  and 
the  frequency  v  (or  wavelength  X)  as  a  result  of  the  spectral  range  scanning  the  monochromator  (/  v  ) 


5.  DECONVOLUTION  IN  THE  SIGNAL  SPACE 

The  signal  processing  require  the  use  of  noise  filtering,  signal  smoothing  and  deconvolution  techniques  by  taking 
account  of  the  system  transfer  function  T(t,  v)  of  the  whole  experimental  chain.  Recovery  of  the  real  spectral  distri^tion  of 
intensity  /(v)  is  made  by  numerical  decom^olution  applied  to  the  recorded  signal  S{t).  The  commonly  used  methods  are 
based  on  the  deconvolutions  in  the  frequency  space  by  applying  the  Fourier  transform  to  the  relation  (8): 

S(/)  =  /(v).f(/,v)  ;(v)=S(/)/f(/,v)  (9) 

This  method  involves  the  computation  of  two  fast  Fourier  transforms  which  impose  restrictive  conditions  on  the  form  of 
the  transfer  function  and  on  the  value  of  the  signal-to-noise  ratio  of  the  experimental  chain.  The  removal  of  noise  effects,  is 
made  by  cutting  off  the  high  frequencies  and  the  low  amplitude  frequencies  from  the  Fourier  spectrum,  and  determines  the 
elimination  of  the  weak  spectral  lines. 

A  deconvolution  method  that  is  less  sensitive  to  the  transfer  function  form  and  to  the  value  of  the  signal-to-noise  ratio  is 
the  deconvolution  in  the  signal  space.  The  deconvolution  technique  developed  in  what  follows  is  based  on  the  Van  Cittert 
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algorithm^,  who  devised  an  iterative  scheme  for  recovery  of  /(v)  using  operations  in  the  signal  space  only  (as  opposed  to 
transform  or  frequency  space).  Van  Cittert  showed  that  the  string  /„ ,  described  bellow,  converge  to  the  intensity  spectral 
distribution /(v): 


7,  =S(0, 


(10) 


7„  ...  /(v) 

In  a  previous  paper  we  have  analyzed  a  modified  algorithm  developed  by  Jansson  \  who  introduced  a  relaxation 
parameter  a^(v)  in  Ae  recurrence  relation  (10),  as  is  indicated  in  the  following  relation: 

4=/„-7  +a„(y).[s(r)-/„.;  ®r(7v)]  (11) 

where  yit)  represent  the  amplitude  of  The  relaxation  parameter  a„(y)  is  dependent  on  the  7„.;(0  value  and  has  the 
purpose  to  ensure  a  better  convergence  of  the  1„  string. 

As  a  measure  of  the  convergence  speed  one  use  the  following  function: 

En  =  (12) 

that  represent  the  root  mean  square  of  the  A7-th  iteration  correction  to  the  previous  (n-i)  iteration.  In  the  previous  relation  N 
represents  the  total  number  of  points  in  the  temporal  series  and  S,  and  T,  are  the  corresponding  values  of  the  signal  and 
transfer  function. 

6*  RESULTS  AND  DISCUSSIONS 

A  set  of  numerical  test  was  completed  on  spectra  generated  numerically  and  on  experimental  data.  We  generate 
numerically  transfer  functions  and  spectra  combinations  that  cover  a  large  range  of  practical  situations  (lines  spectra  of 
different  width  and  shapes,  continuous  spectra,  molecular  spectra  and  superposition  of  them)  and  their  numerical 
convolution  was  performed.  After  the  deconvolution  the  initial  spectra  was  recovered.  The  speed  of  algorithm  convergence 
was  analyzed  considering  its  dependence  on  the  relaxation  parameter  a„(y\  spectrum  category  f(v)  and  transfer  function 
form  r(/,v). 

The  function  a„(y)  is  the  key  to  the  success  of  the  deconvolution  algorithm.  We  studied  numerically  the  effect  of  many 
a„  (y)  functions  on  the  convergence  speed  of  the  algorithm.  Figure  6  presents  some  of  these  functions  for  which  the 
deconvolution  algorithm  is  rapidly  convergent  after  a  small  number  of  iterations.  The  case  c  correspond  to  the  algorithm 
studied  by  Jansson  We  obtain  better  results  using  the  function  presented  in  Fig.  6,  cases  a,  e  and  /  The  speed  of 
convergence  depend  on  the  maximal  value  of  the  fimction,  increasing  with  its  growth.  There  are  some  critical  values 
of  oirnax ,  ovcr  which  the  algorithm  became  unstable. 


Fig.  6.  The  parameter  of  relaxation  cx(y). 
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The  effect  of  the  spectrum  convolution  with  the  transfer  function  of  the  experimental  chain,  involved  in  the  output 
signal  acquisition,  is  the  alteration  of  the  intensity  rates  between  different  spectral  lines.  The  deconvolution  algoritlun 
presented  in  this  paper  restore  accurately  the  original  intensities  rates  betw  een  the  spectral  lines. 

Fig.  7  presents  the  results  of  a  numerical  generated  signal  from  an  initial  spectrum  I(A,)  calculated  with  relation  (4).  The 
signal  SiX)  was  obtained  by  convolution  with  a  transfer  function  of  gaussian  shape  with  a  half-width  of  3  A.  The  results  of 
the  deconvolution  after  a  relatively  small  number  of  iterations  (80)  is  shown  on  Fig.  8.  After  a  higher  number  of  iterations 
(approximately  300)  the  deconvolved  spectrum  became  practically  identical  with  the  initial  spectrum  I(X,). 


Fig.  7.  Numerical  simulation  results:  Input  data;  I(>.)-mitial  spectrum,  T(>-)-transfer  function,  S(>.)-convoluted  signal 
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In  the  case  of  experimental  data  processing,  the  convergence  of  deconvolution  algorithm  to  real  spectra  was  estimated 
by  comparing  the  numerical  results  with  the  measurements  perform  on  the  same  spectral  source  at  different  resolution  of 
the  monochromator  grating  and  at  different  values  of  the  slit  width. 

Figure  9  presents  the  results  of  the  deconvolution  of  two  neighbors  spectral  lines,  one  of  them  being  approximately  five 
times  weaker  in  intensity  than  the  other.  From  the  recorded  data  is  difficult  to  estimate  the  presence  of  a  low  intensity  line 
in  the  neighbor  of  the  more  intense  one.  The  deconvolution  permits  also  the  evaluation  of  spectral  lines  half-widths.  The 
transfer  function  half-width  is  twice  the  value  of  the  larger  line  half-width,  so  a  factor  of  two  in  resolution  enliancement 
was  achieved. 


Fig.  9.  Deconvolution  of  two  neighbors  spectral  lines:  S(X)-represent  the  signal  recorded  from  the  monochromator, 

I(X)-represent  the  relative  intensity  that  results  after  deconvolution. 

The  addition  of  noise  to  the  signal  results  in  limitations  of  the  deconvolution  performances  under  two  aspects:  first,  the 
final  resolution  that  could  be  achieved  is  lower;  second,  the  convergence  speed  is  also  lower.  Noise  effects  are  diminished 
by  statistical  averaging  of  the  signal  for  every  collected  data  point. 

Noise  effects  where  numerically  simulated,  by  summing  the  signal  with  randomly  generated  noise  spectra  having 
different  values  of  the  signal-to-noise 
ratio.  Results  have  shown  that  in  order  to 
obtain  a  4-5  times  enhancement  of  the 
resolution  by  deconvolution  is  required  a 
signal-to-noise  ratio  greater  than  100.  The 
decrease  of  signal-to-noise  ratio  under 
100  limits  the  enhancement  of  resolution 
to  a  factor  of  2-2.5  times. 

The  effect  of  noise  on  the 
deconvolution  speed  of  convergence  is 
shown  in  Fig.  10. 

The  algorithm  is  very  efficient  for 
gaussian  type  transfer  functions.  Its 
efficiency  become  lower  for  transfer 
function  that  differ  substantially  from 
gaussian  shape.  For  these  situations  a 
modified  algorithm  have  to  be  used  that 
start  with  a  different  initialization  of  the 

string  In.  10.  Root-mean-square  correction  Enfor  different  signal-to-noise  ratio,  as  a 

function  of  the  iteration  number. 
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7.  CONCLUSIONS 


The  enhancement  of  the  spectral  lines  intensity  by  selective  excitation  of  atomic  and  ionic  lines  of  Copper  vapor  from 
a  hollow  cathode  discharge  require  the  accomplishment  of  particular  experimental  conditions.  Their  inspection  requires 
experimental  efiforts  and  costs.  In  order  to  reduce  them,  experimental  investigations  tools  have  to  be  developed.  One  of 
these  is  the  accurate  analysis  of  the  spectral  data  by  efficient  deconvolution  techniques. 

We  have  developed  a  numerical  deconvolution  method  of  the  low  amplitude  spectral  lines.  In  many  spectral 
investigations  of  plasma  radiation  the  low  intensity  spectral  lines  are  important  indicators  on  some  particular  radiative 
processes  like  the  excitations  by  second  kind  collisions  (asymmetrical  charge  transfer  and  resonant  transfer  of  excitation 
energy).  Their  identifications  permit  the  tuning  of  the  discharge  parameters  to  obtain  selective  excitations  of  plasma 
ions.  Deconvolution  techniques  commonly  used  in  plasma  spectroscopy  require  the  fast  Fourier  transform.  These  impose 
restrictive  conditions  on  the  form  of  the  transfer  function  and  on  the  value  of  the  signal-to-noise  ratio.  Removals  of  the 
noise  effects,  performed  by  cutting  off  the  high  and  the  low  frequencies  with  low  amplitudes,  induce  the  elimination  of 
the  weak  spectral  lines.  The  deconvolution  technique  developed  in  this  paper  is  not  affected  by  this  inconvenient.  It  is 
based  on  an  algorithm  developed  by  Van  Cittert  and  Jansson,  who  use  an  iterative  schema  to  recover  the  spectral  lines 
shape  by  using  operations  in  the  signal  space. 

The  method  permits  the  recovering  of  the  spectral  lines  half-width  and  shape,  and  of  the  intensity  rates  between 
different  spectral  lines. 

The  noise  that  could  affect  the  signal  is  reduced  by  statistical  average  of  every  recorded  point  from  the  emission 
spectrum.  Even  if  the  noise  induce  limitations  in  the  speed  of  convergence  of  the  algorithm  and  in  the  maximal 
resolution  that  could  be  attained  by  deconvolution,  the  method  proved  to  be  efficient  and  versatile. 
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ABSTRACT 

Light  waveguides  were  obtained  by  ion-exchange  process  in  soda-lime  glasses.  Metal  nanoclusters  were 
subsequently  formed  in  waveguides  by  either  low-mass  ion  irradiation,  at  energies  of  20-2000  keV,  or  by  heating  in 
hydrogen  atmosphere  at  temperatures  varying  in  the  range  100-250  ®C.  Nanoclusters  modification  induced  by  pulsed  laser 
irradiation  were  investigated.  The  materials  were  characterized  by  secondary  ion  mass  spectrometry  and  nuclear  techniques, 
such  as  Rutherford  backscattering  spectrometry,  to  determine  concentration  depth-profiles,  and  by  transmission  electron 
microscopy  for  the  nanocluster  detection  and  size  evaluation.  Optical  analyses  were  performed  to  evidence  linear  and 
nonlinear  properties. 

keywords:  Glass  waveguides,  nonlinear  optical  materials,  metal  quantum-dot  composites. 


1.  INTRODUCTION 

Nonlinear  optical  materials  are  an  essential  ingredient  of  functional  photonic  devices  for  optical  communication, 
sensing,  and  computing^'^.  Understanding  the  correlation  between  material  processing  and  nonlinear  optical  properties  is 
especially  crytical  for  the  development  of  advanced  nonlinear  optical  materials  for  photonic  devices.  The  main  properties  of 
such  materials  for  application  in  such  devices  include  picosecond  or  shorter  response  times,  low  power  switching  threshold, 
wavelength  tunability,  thermal  stability,  low  two-photon  absorption,  high  threshold  for  laser-induced  damage,  and  THz 
recycling  frequency. 

In  the  last  few  years,  composite  glasses  formed  by  embedding  semiconductor  or  metal  nanoclusters  in  glass  have 
attracted  much  attention  as  promising  materials  for  optoelectronics.  This  interest  is  strengthened  by  the  general  interest  in 
strongly  quantum-confined  electronic  systems  which  exhibit  striking  effects  deriving  from  the  increased  electronic  density 
of  states  near  the  conduction-band  edges.  For  metal  nanoclusters-doped  composites  die  term  metal  quantum-dot  composites 
(MQDC)  has  been  introduced^  in  analogy  to  multiple-quantum-well  devices.  Glass  researchers  have  employed  various  ways 
to  prepare  metal-doped  glasses,  namely,  sol-gel  processes,  quenching  and  heat-treatments,  processes  which  use  porous 
glasses  and,  more  recently,  ion  implantation^.  In  particular,  such  technique  has  attracted  a  large  interest  for  the  possibility 
to  pattern  the  materials.  The  material-related  aspects  of  the  above  mentioned  metal  colloids,  in  particular  the  development 
of  the  preparation  techniques  and  the  chemical,  structural  and  optical  characterization,  have  been  largely  studied,  but  the  so- 
called  architecture  of  systems  for  optical  information  processing  has  been  not  focused. 

In  this  paper,  we  present  iht  results  obtained  in  our  group,  in  cooperation  with  external  laboratories,  on  metal,  in 
particular  silver,  nanocluster  formation  by  using  either  low-mass  irradiation  or  annealing  in  hydrogen  atmosphere  of  light 
waveguides,  prepared  by  the  ion-exchange  technique.  Such  two  new  methodologies  give  a  promising  connection  between 
nonlinear  optical  material  preparation  and  device  developing.  Modification  induced  by  pulsed  laser  irradiation  are  also 
presented. 
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2.  NONLINEAR  PROPERTIES  OF  METAL-DOPED  GLASSES 


Optical  nonlinearity  of  glasses  results  mainly  from  three  effects:  thermal  effect,  electrostriction  and  nonlinear 
polarization'^.  The  first  two  depend  on  the  changes  in  the  density  and  polarizability  due  to  thermal  and  electric  fields, 
respectively,  while  the  latter  is  connected  with  the  nonlinear  distortion  of  the  electron  orbits.  The  relative  contribution  of 
each  effect  to  the  nonlinear  response  will  depend,  in  turn,  on  the  time  scale  of  the  pulse  duration  of  the  laser  beam. 
Nonlinearity  in  glasses  is  in  general  quite  small,  but  the  nonlinear  response  may  be  enhanced  of  several  orders  of  magnitude 
by  introducing  small  metal  clusters.  The  nonlinearity  in  metal-doped  glasses  is  mostly  due  to  third-order  processes  described 
by  the  real  part  of  the  third-order  electric  susceptibility,  involving  different  four-wave  mixing  processes®.  A  particular 
four-wave  mixing  process  in  which  all  the  frequencies  involved  are  the  same  is  referred  to  as  the  optical  Kerr  effect,  which 
is  the  most  important  for  the  applications  in  all-optical  switching  devices^ 

The  origin  of  this  nonlinear  response  may  be  ascribed,  in  the  case  of  small  metal  particles,  to  the  intraband,  direct 
interband  and  hot  electron  transitions^.  The  third-order  term  originated  from  the  conduction  electrons  is  described  by  the 
quantum  size  effect^®.  Nonlinear  responses  in  the  5-ps  time  scale  have  been  observed  and  described  in  terms  of  quantum  size 
effect  firstly  by  Hache  and  co-workers'^  The  confinement  of  the  conduction  electrons,  which  can  be  classically  described  in 
terms  of  limited  mean  free  path,  gives  rise  to  an  expression  for  varying  roughly  as  where  a  is  the  radius  of  the 
metal  sphere.  Interband  transitions  between  the  ^/-levels  and  the  conduction  band  also  contribute  to  the  nonlinear  response  of 
a  metal-doped  glass.  This  process  is  resonant  and  size-independent,  corresponding  to  the  saturation  of  the  two-level 
transition  between  the  bands.  A  third  contribution  is  ascribed  to  the  hot  electrons  created  by  the  strong  absorption  near  the 
surface  plasmon  resonance,  which,  in  turn,  depends  on  the  particle  size,  leading  to  a  modification  of  the  absorption 
coefficient  of  d-electrons.  In  the  case  of  silver  the  interband  contribution  is  expected  to  be  the  major  one^.  In  addition,  an 
effective-medium  theory  approach'^  relates  the  third-order  susceptibility  of  metal  clusters  embedded  in  a  linear  dielectric 
medium  to  the  composite  effective  susceptibility  by  a  local-field  enhancement  factor. 

The  nonlinear  refractive  index  rii  is  usually  defined  by  one  of  the  two  alternative  relations:  n=5no+n2lEP,  where  E 

is  the  field  amplitude,  I  the  intensity  averaged  over  a  period  and  Hq  the  linear  refractive  index.  ^2  and  n2^  are  related  to  the 
real  part  of  x^^^. 

Nonlinear  optical  materials  based  on  glasses  are  intrinsically  attractive  for  photonic-device  applications  owing  to 
their  high  transparency,  ease  of  fabrication,  durability  and  thermomechanical  stability.  The  MQDC  discussed  in  this  paper 
present  two  additional  factors.  One  is  the  increase  in  oscillator  strength  near  the  band  edge,  characteristic  of  reduced- 
dimensional  structures  and  responsible  for  the  lower  operating  thresholds  of  optical  devices,  such  as  lasers.  The  second  is 
the  inherent  compatibility  of  the  materials  and  fabrication  processes  with  silicon-based  electronic  materials,  with  interesting 
perspectives  for  hybrid  devices.  However,  realistic  correlation  of  the  optical  and  electronic  properties  of  these  materials  with 
the  Imown  engineering  requirements  for  photonic  and  optoelectronic  devices  is  just  beginning.  The  capability  of  processing 
light  signals  without  converting  them  to  electronic  form  should,  in  principle,  allow  all-optical  devices  to  operate  in  a  time 
range  inaccessible  to  electronics.  The  fastest  electronic  components  now  available  (GaAs  HEMT  devices,  for  example) 
exhibit  switching  speeds  in  the  20-picosecond  range  at  switching  rates  in  the  50-GHz  range.  The  shortest  light  pulses  can 
be  generated  in  the  femtosecond  range  in  the  visible  to  near-IR  portions  of  the  spectrum;  current  pulse  repetition  frequencies 
in  these  devices,  however,  are  only  in  the  100-MHz  range.  Furthermore,  all-optical  switches  operating  at  high  pulse- 
repetition  frequencies  are  the  basis  for  developing  optical  parallel  data  processing  systems  and  optical  time  domain 
multiplexing  transmission  systems'^.  High  switching  speeds,  however,  must  be  coupled  with  low  switching  energy  to 
allow  high  packing  densities  in  optoelectronic  or  photonic  devices.  Figure  1,  adapted  from  Ref.  14,  compares  a  variety  of 
electronic  and  photonic  materials  with  respect  to  the  switching  energy  and  switching  speed  of  devices^  '^.  Nanocluster 
composites,  indicated  in  the  hatched  area,  show  switching  speeds  faster  than  any  material  except  PTS,  which  undergoes  a 
long-term  photochemical  damage.  Where  semiconductor  quantum  dots  have  non-resonant  responses  of  fractions  of  a 
nanosecond,  metallic  quantum  dots  have  resonant  responses  of  the  order  of  order  10  picoseconds,  and  may  actually  be  faster. 
In  considering  the  application  potential  of  glass-based  MQDC  in  optoelectronics,  it  will  also  be  necessary  to  evaluate  the 
thermal  effects  introduced  by  optical  absorption.  In  a  recent  paper,  Boirelli  et  a/. '^discussed  the  advantage  of  non-resonant 
nonlinear  effect  over  the  absorption-based  resonant  one,  in  terms  of  response  time.  In  the  first  situation,  the  response  time 
may  be  determined  only  by  the  electronic  contribution,  and  hence  can  respond  at  optical  frequency  rates,  while,  in  resonant 
situation,  is  controlled  by  the  lifetimes  involved  in  the  transitions,  as  fast  as  picoseconds.  Also  if  picosecond  time  response 
is  adequate  for  many  devices,  although  not  as  fast  as  that  of  non-resonant  situation,  the  heating  and  cooling  may  change  the 
state  of  the  resonant  system  in  a  random  fashion.  These  remarks  were  in  context  of  comparing  the  high  values  of  x^^^ 
obtained  in  absorption-based  resonant  systems,  such  as  metal-colloids  in  glass,  with  the  values  (10'^- 10”^  times  smaller) 
for  non-resonant  systems.  This  is  a  research  area  that  must  be  addressed  in  order  to  make  predictions  on  device  reliability. 
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Fig.  1.  Chart  showing  the  switching  speed  and  switching  energies  of  various  semiconductors  and  optical 
materials^’^^. 

Indeed,  the  advantages  of  the  high  speed  of  metal  quantum  dots  cannot  be  realized  in  device  configurations  unless 
substantial  reductions  in  nonlinear  threshold  energy  can  be  attained,  since  presently  measured  switching  energies  at  this 
speed  place  the  MQDCs  above  the  line  which  represents  the  generally  accepted  limitation  on  optical  switching  due  to  the 
thermal  load  on  the  material  at  high  pulse  repetition  frequencies^'^. 


directional  coupler  (self-induced  switching) 


iout 

lin 


Mach-Zehnder  interferometer 

Fig.  2.  Two  optical  switching  devices  scheme,  with  the  response  in  the  case  of  linear  (dashed  lines)  and 
nonlinear  (solid  lines)  materials.  The  nonlinear  behavior  correspond  to  the  situation  in  which  one  of  the  two 
channels  is  made  of  nonlinear  material. 

A  rough  estimate  of  required  in  the  case  of  the  Mach-Zehnder  interferometer  switch  gives  a  value  of  10*^  esu, 
assuming  a  laser  beam  of  50  mW  being  launched  into  a  waveguide  having  50  mm^  cross-sectional  area  and  an  effective 
length  of  10  mm  to  cause  a  phase  change  of  n  in  the  beam^^. 

The  large  values  of  x^^^  acheivable  in  metal  nanocluster-doped  glasses  make  them  an  obvious  choice  for  devices 
with  short  path  length  guides;  the  non-resonant  systems  seem  to  be  practicable  only  for  fiber  applications.  However,  these 
large  values  are  only  interesting  if  constraints  on  switching  energy  at  high  pulse  repetition  frequencies  can  be  satisfied.  The 
reductions  in  switching  energy  to  the  femtojoule  range,  reduction  of  linear  optical  absorption  to  the  lowest  practicable 
level,  and  exploitation  of  quantum  size  effects  can  help  to  make  the  MQDC  more  useful  in  photonics  and  electro-optics. 
The  reduction  to  femtojoule  levels  of  the  threshold  for  the  nonlinear  refractive  effects  may  be  achieved  by  decreasing  the 
amount  of  inhomogeneous  broadening  in  the  composite  due  to  the  spread  in  cluster  size,  exploiting  the  enhancement  of  x^^^ 
with  decreasing  size  for  intraband  transitions,  or  a  combination  of  both. 

Nonlinear  switching  devices  are  based  on  optical  waveguiding  structures  for  they  provide  strong  beam  confinement 
in  prescribed  patterns^.  In  these  devices,  the  intensity  of  an  optical  signal  is  used  as  the  parameter  that  causes  switching 
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between  two  output  channels  that  performs  logic  operations.  In  Figure  2  two  typical  examples  of  all-optical  devices  are 
illustrated,  together  with  their  response  to  optical  power  without  (dashed  lines)  and  with  (solid  lines)  nonlinear  effect. 


3.  EXPERIMENTAL 

The  composition  of  the  glass  used  in  the  experiments  is  (wt%):  69.6  Si02,  15.2  Na20,  1.8  AI2O3, 6.5  CaO,  5.1 
MgO,  1.1  K2O,  0.4  SO3, 0.2  Ti02,  0.1  trace-amounts  of  Fe203,  AS2O3  and  CS2O.  Glass  samples,  preheated,  were  ion- 
exchanged  in  a  molten  s^t  bath  of  AgN03:NaN03  for  silver  exchange,  and  of  either  pure  CuCl  or  CuS04:Na2S04  eutectic 
(46:54  molar  ratio)  for  copper  exchange.  Exchange  temperature  of  320  was  set  for  silver,  while  the  copper  exchange 
process  was  carried  out  at  7=585^^0  in  the  case  of  sulphate  bath  and  at  at  T=550  in  the  case  of  CuCl.  The  preheating  and 
the  small  volume  of  the  samples  assured  isothermal  exchange  conditions  for  short  times  of  treatment.  Two  different 
experiments  were  performed  on  ion-exchanged  samples.  Some  waveguides  were  irradiated  by  He*^  ions  at  energies  varying 
from  100  keV  to  2  MeV.  Other  waveguides  were  heat-treated  in  a  quartz  tube,  first  evacuated  to  10^  torr  pressure,  then 
introduced  into  a  furnace  at  the  working  temperature.  H2  flux  at  a  pressure  slightly  greater  than  atmospheric  pressure  was 
set.  Treatments  times  were  between  2  and  12  hrs.,  with  temperatures  in  the  range  120  to  BOO'^C. 


waveguide 


Fig.  3.  Two-step  methodologies  for  metal  cluster  formation  in  ion-exchanged  waveguides. 


Some  samples,  as-exchanged  and  after  He  irradiation,  were  irradiated  by  a  Q-switched  Nd:YAG  laser  operated  at 
both  1064  nm  and  532  nm  of  wavelength.  Frequency  doubling  was  obtained  using  a  BBO  crystal.  The  pulse  duration  was 
10±1  ns  for  both  wavelengths.  The  silver,  copper  and  sodium  profiles  were  determined  by  Rutherford  Backscattering 
Spectrometry  (RBS),  while  the  hydrogen  profile  was  obtained  by  Elastic  Recoil  Detection  Analysis  (ERDA).  For  both 
techniques,  a  ^He*^  beam  at  the  energy  of  2.2  MeV  was  used  at  National  Laboratories  INFN-Legnaro.  Secondary  Ion  Mass 
Spectrometry  (SIMS)  analyses  were  also  performed  with  a  CAMECA  IMS-4f  spectrometer.  The  absolute  calibration  of  the 
concentration  scale  was  set  using  the  experimental  RBS  total  dose  values  for  silver  and  the  ERDA  results  for  hydrogen. 
Refractive  index  profiles  were  reconstructed  by  an  inverse  WKB  method  from  the  set  of  effective  indices  corresponding  to 
the  guided  modes'^.  The  effective  indices  were  determined  by  m-lines  spectroscopy.  Optical  absorption  spectra  were 
determined  in  the  wavelength  region  from  250  to  600  nm,  by  a  Cary  5  UV-VIS-NIR  dual-beam  spectrophotometer. 
Samples  for  transmission  electron  microscopy  (TEM)  were  prepared  by  cutting  3  mm  diameter  discs  from  the  implanted 
area  with  a  slurry  drill,  mechanical  grinding  of  the  disc  from  the  backside  to  a  thickness  of  about  20  pm.  The  final  thinning 
to  the  electron  transparency  was  achieved  by  planar  backthinning  by  ion  milling  with  an  Ar  gun  at  5  keV.  To  minimize 
ion  damage,  samples  were  cryogenically  cooled  during  ion  milling.  The  prepared  samples  were  examined  in  a  Philips 
CM30  TEM,  operating  at  300  kV.  Nonlinear  refractive  index  was  obtained  by  Z-scan  measurements,  made  with  a  mode- 
locked  cavity  dumped  dye  laser  pumped  by  a  Nd:YAG  laser,  for  6  ps  pulse  duration  and  in  the  560-6(X)  nm  wavelength 
range. 
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3.1  Cluster  formation 

The  sequential  methodologies  used  to  prepare  silver  or  copper  cluster-doped  glass  waveguides  following  two-step 
processes  are  sketched  in  Fig.  3.  With  both  these  methodologies,  metal  aggregation  in  nanoclusters  is  promoted,  obtaining 
waveguides  with  a  significant  enhancement  of  the  nonlinear  refractive  index.  Figure  4a  shows  an  example  of  modal  (m- 
lines)  spectroscopy  for  an  Ag^-Na"**  exchanged  waveguide  supporting  9  modes  at  632.8  nm  of  wavelength.  Figure  4b,c 
gives  the  corresponding  refractive  index  profile,  obtained  by  a  suitable  WKB  method,  and  compared  to  Ag  distribution. 


incidence  angle  (deg)  depth  (p-m) 


Fig.  4.  Guided  modes  (a)  and  index  (b)  and  concentration  profiles  (c)  of  an  Ag-exchanged  waveguide. 


Fig.  5.  Size  distribution  of  Ag  nanoclusters  embedded  in  ion-exchanged  waveguides,  for  different  exchange 
process  conditions,  after  annealing  in  hydrogen  atmosphere,  at  the  following  conditions:  samples  A1  and  A2, 
160“C,  5h;  sample  A3,  180*C,  12h;  sample  A4,  250’C,  5h.  Ag/Na  ratio  at  the  surface  is  16%,  67%,  19%  and 
19%  for  Al,  A2,  A3  and  A4,  respectively.  The  mean  diameter  of  the  clusters  is  3.2±1.1,  5.1±1.7,  3.7±1.5  and 
5.5±1.6  for  Al,  A2,  A3  and  A4,  respectively. 
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3.2  Annealing  in  hydrogen  atmosphere 

Annealing  of  waveguides  in  hydrogen  atmosphere  causes  a  near-surface  precipitation  of  metallic  silver  to  form 
nanometer-size  clusters  with  good  uniformity  in  size  and  spatial  distribution,  as  shown  in  Fig.  5,  where  the  size 
distribution  of  the  Ag  clusters  embedded  in  glass  is  reported  for  different  exchange  conditions.  The  ratios  between  Na  and 
Ag  in  as-exchanged  waveguide  are  indicated.  Clusters,  of  spheroidal  shape,  exhibit  a  fee  structure,  are  randomly  oriented  and 
their  diameters  are  about  2-4  nm  for  the  lowest  annealing  temperature  sample  and  4-6  nm  for  the  highest  temperature.  The 
samples  exhibit  an  optical  absorption  band  peaked  at  about  410  nm,  typical  of  absorption  of  metallic  silver  nanoclusters 
due  to  the  surface  plasmon  resonance  (SPR)^^.  The  SPR  frequency  depends  on  metal-particle  size  through  the  dielectric 
response  function  of  the  metal.  This  absoiption  band  is  consistent  with  predictions  of  the  Mie  theory  for  silver 
nanoclusters  having  radius  of  the  order  of  a  few  nanometers. 

Hydrogen  permeation  and  ion-exchange  between  hydrogen  and  sodium,  which  remains  in  the  glass  matrix  after 
silver  for  sodium  exchange,  are  steps  of  the  process^*.  A  further  step  is  the  diffusion  of  silver  towards  the  surface  with  an 
activation  energy,  22  kcal/mole,  close  to  that  measured  for  silver-sodium  interdiffusion  in  glasses  of  comparable 
composition.  Silver  migration  cannot  be  simply  ascribed  to  a  direct  interaction  with  hydrogen,  but  rather  to  a  more 
complex  process  involving  a  charge  balancing  mechanism  during  hydrogen -sodium  ion-exchange.  Hydrogen  permeation 
exhibits  an  activation  energy  of  about  15  kcal/mole.  Moreover,  the  formation  of  hydroxyl  groups  is  confirmed  by  the 
presence  of  a  band  at  about  3500  cm--'  in  the  infrared  absorption  spectra. 

3.3  Low-mass  ion  irradiation 

Irradiation  of  exchanged  samples  were  performed  performed  by  using  He'*'  ion  beams.  The  irradiation  current  and 
irradiation  time  were  varied  to  study  the  role  of  deposited  energy  rate  and  process  time.  The  irradiation  current  density  is  a 
crytical  parameter  for  the  precipitation  process.  The  metal  diffusivity,  the  deposited  energy  distribution  and  defect  migration 
would  play  an  important  role  in  determining  the  final  concentration  distribution  of  colloids.  At  present,  it  is  not  possible 
to  separate  the  contributions  of  the  thermal  effects,  due  to  local  heating,  and  the  radiation-enhanced  metal  diffusivity  to  the 
particles  precipitation. 
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Fig.  6.  Optical  absorption  spectra  of  silver-  and  copper-doped  waveguides,  before  anf  after  irradiation  with 
helium  beams  and  before  and  after  treatments  in  H2  atmosphere. 


Bright-field  and  dark-field  TEM  imaging  were  used  to  characterize  the  shape  and  geometrical  structure  of 
nanoclusters.  The  cluster  distribution  is  unifam  throughout  the  irradiated  region  up  to  the  projected  range  of  the  implanted 
He**"  ions.  The  mean  clusters  radius  in  the  irradiated  region  is  in  the  range  of  1-3  nm,  depending  on  the  irradiation 
parameters  and  metal  ion  type^^'^.  Figure  6  shows  the  optical  absoiption  spectra  of  silver-  and  copper-doped  waveguides, 
before  anf  after  irradiation  with  helium  beams  in  the  MeV  energy  range  and  before  and  after  treatments  in  H2  atmosphere. 
Surface  plasmon  resonance  peaks  (at  410  nm  for  Ag  and  560  nm  for  Cu  clusters)  are  evident  for  both  preparation  methods, 
indicating  the  presence  of  metallic  clusters  with  radii  of  a  few  nanometers. 

Measurements  of  the  optical  nonlinear  features  of  the  samples  were  performed  by  the  Z-scan  techniqueis.  Third- 
order  susceptibility  measurements  for  metal  nanocluster-doped  samples  gave  positive  values  of  the  intensity-dependent 
refractive  index  ^2  up  to  lO"'^  m^/W,  corresponding  to  a  value  of  about  6xl()“*  esu.  These  values  are  comparable  with 
those  reported  in  literature  for  silver  or  copper-implanted  silica^.  It  is  noted  that  the  ^2  value  measured  with  a  pulse  duration 
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of  100  ps  is  almost  two  order  of  magnitude  higher  than  the  value  measured  for  6  ps  pulse  duration,  due  to  the  contribution 
of  thermal  effects. 


4.  CLUSTER  MODIFICATION  BY  LASER-BEAM  INTERACTION 

Third-order  susceptibility  measurements  for  silver  nanocluster-doped  samples  exhibit  positive  values,  that  turn  into 
negative  values  after  repeated  measurements.  This  peculiar  behavior  indicates  that,  when  exposed  to  high  optical  power 
densities,  silver  tends  to  modify  the  chemical  environment,  possibly  changing  permanently  its  oxydation  state.  Glasses 
containing  silver  nanoclusters  were  laser-treated  on  larger  area,  3  mm  in  diameter,  by  using  a  Q-switched  NdiYAG  laser 
operated  at  both  1064  and  532  nm  of  wavelength,  with  a  pulse  duration  of  about  10  ns.  After  a  single  pulse  irradiation 
above  an  energy  density  threshold  value,  £*=0.3±0.1  J/cm^  for  X^532  nm  and  £*=5±1  J/cm^  for  X^1064  nm,  the  irradiated 
region  became  nearly  transparent.  The  SPR  optical  absorption  peak  was  dramatically  reduced.  Cluster-size  distribution  of  a 
helium  irradiated  silver-exchanged  soda-lime  glass  sample,  subsequently  irradiated  by  a  laser  pulse  at  X^=532  nm  and  £=0.5 
J  /cm^,  is  reported  in  Fig.  7  before  and  after  laser  irradiation. 


Fig.  7.  Size  distribution  of  Ag  nanoclusters  in  an  ion-exchanged/ion-irradiated  sample  before  (a)  and  after  (b) 
laser  irradiation  with  0.5  J  /cm^  at  X;=532  nm^^ 

A  large  reduction  of  the  cluster  size,  from  the  mean  diameter  value  of  about  5  nm  before  to  a  mean  value  of  about 
2.5  nm  after  laser  irradiation  is  evident.  This  is  accompanied  by  a  corresponding  increase  in  the  number  of  clusters,  being 
the  total  silver  concentration  constant,  as  determined  by  RBS  analysis.  The  increasing  ratio  between  the  number  of  surface 
and  bulk  atoms  with  decreasing  cluster  size  favours  silver-oxygen  with  respect  to  silver-silver  bonds,  as  evidenced  by  X-ray 
Photoelectron  Spectroscopy  (XPS)  and  X-ray-Excited  Auger  Electron  Spectroscopy  (XE-AES)  measurements^^.  After  laser 
treatment  the  a  parameter  (binding  energy  of  XPS  Ag3dsn  l^inetic  energy  of  AES  AgMsNN  peak)  changed  from 
720.310.2  eV,  close  to  the  value  of  metallic  silver,  to  719.110.2  eV,  in  agreement  with  the  a  value  of  the  Ag20  standard. 
Besides  the  frangmentation  of  the  silver  clusters  formed  in  the  ion-irradiated  region,  we  observed  that  the  laser  irradiation  is 
also  effective  in  promoting  cluster  formation  in  as-exchanged  region,  where  there  are  present  few  small  clusters  with  a 
mean  diameter  of  about  1.5  nm.  In  these  regions  (without  low-mass  ion  irradiation)  laser  irradiation  causes  the  formation  of 
small  nanocluster,  about  2.5  nm  in  diameter.  In  this  case,  light  induces  nucleation  and  growth  depending  on  different 
mechanisms.  Such  results  suggest  interesting  future  possibilities  for  laser  patterning  of  nonlinear  waveguide  systems. 


5.  CONCLUSIONS 

Metal  nanoclusters  are  formed  in  soda-lime  glasses  by  different  methods.  From  the  point  of  view  of  nonlinear 
optical  material  fabrication,  the  investigated  techniques  promise  to  be  suitable  for  designing  nonlinear  devices  with 
performances  based  on  nonlinear  metal-doped  glasses.  More  research  is  necessary  to  reach  a  cluster  size  uniformity  and  to 
control  the  cluster  stabilty  during  laser  irra^ation. 
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ABSTRACT 


We  present  a  new  scheme  of  sub-Doppler  laser  cooling  for  atoms  used  in  atomic  frequency  standards, 
particularly  for  ^^Ca.  We  perform  calculations  concerning  optical  pumping  via  a  velocity-selective  state 
based  upon  velocity-selective  coherent  population  trapping.  Optical  pumping  on  the  Raman  transition 
4^5o  —  4}  Pi  —  3^D2  leads  to  population  of  the  metastable  singlet  state  followed  by  a  decay  into  the 
metastable  triplet  state  4Pi .  The  momentum  distribution  of  atoms  in  that  state  (with  a  half-maximum 
width  of  about  one  corresponding  photon  recoil  momentum)  is  a  direct  replica  of  the  distribution  of 
atoms  in  the  3D2  state. 


Keywords:  Coherent  optical  effects,  multiphoton  processes,  high  resolution  spectroscopy 


1  INTRODUCTION 


The  design  and  setup  of  an  atomic  frequency  standard  (AFS)  involves  elements  having  transitions 
with  ultranarrow  linewidths.  Among  a  couple  of  elements  calcium  has  become  an  attractive  candidate. 
Its  most  abundant  isotope  provides  an  intercombination  transition  (4^ Pi  4^j9o)  in  the  visible 
having  a  natural  hne  width  of  only  400  Hz  with  no  hyperfine  splitting  of  the  ground  state.  It  has  been 
shown  that  by  the  use  of  this  transition  the  precision  of  frequency  measurements  can  be  considerably 
improved.^  Using  laser  cooled  and  atoms  trapped  in  a  magneto-optical  trap  (MOT)  could  lead  to  even 
lower  frequency  uncertainties.^  In  the  last  decade  velocity  selective  coherent  population  trapping  has 
been  well  known  to  give  subrecoil  temperatures.  Much  efforts  have  been  undertaken  to  spread  the 
range  of  atoms  relevant  to  this  cooling  mechanism  more  widely.  The  basic  principle  of  VSCPT  relies 
on  the  creation  of  a  non-coupled  dark  state  out  of  two  states.  It  can  be  explained  by  a  destructive 
interference  of  coherent  optical  excititation  of  two  non-deca3dng  ground  states  in  a  lambda  system^^ 
or  a  superposition  of  two  states  within  a  single  cascade®  or  double  cascade.® 

Recently  a  couple  of  different  VSCPT  cooling  schemes  involving  the  intercombination  transition 
itself  have  been  theoretically  discussed.’’  In  the  work  cited,  laser  cooling  by  VSCPT  has  been  proposed 
using  the  ground  state  4^  So  and  the  threefold  4® Pi  state.  One  of  the  disadvantages  with  the  establish- 
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Figure  1:  Level  scheme  of  calcium 


ment  of  VSCPT  on  such  a  narrow  transition  as  in  the  case  of  is  the  slow  cooling  rate  which  is 
proportional  to  the  natural  width  of  the  excited  state. 

The  cooling  scheme  presented  in  this  work  is  based  upon  VSCPT  on  the  cascade  4^  So  -  3^  £>2  -  4^  Pi . 
Numerical  simulations  show  a  good  confinement  of  atoms  in  the  momentum  space.  Final  temperatures 
in  the  subdoppler  range  could  be  achieved. 


2  VELOCITY-SELECTIVE  PUMPING  INTO  THE 
METASTABLE  STATE  3^02 

Fig.l  shows  the  relevant  energy  levels  of  for  the  cooling  mechanism.  The  level  scheme  involves 
the  non-degenerated  ground  state  4^5o,  the  metastable  singlet  state  3^ £>2  and  an  excited  state  4^ Pi. 
Two  possibilities  of  coherent  irradiation  can  form  appropriate  dark  states:  Either  two  running  coun- 
terpropagating  laser  waves  having  opposite  circular  polarizations  (RW)  or  standing  waves  with  circular 
polarization  (SW)  can  create  long-living  superpositions  of  states. 

It  can  be  easily  seen  in  Fig.2  that  the  scheme  using  running  waves  composes  three  different  VSCPT 
subsystems.  One  of  them  {mj  =  —1,  -hi  ^  mj  =  0),  however,  is  not  populated  very  much  due  to  small 
relaxation  rates  and  hence  doesn’t  infiuence  the  cooling  mechanism. 

The  transition  scheme  for  irradiation  by  standing  waves  is  shown  in  Fig.3.  Numerically  we  restrict 
ourselves  to  the  case  of  running  waves  only.  The  non-coupled  state  is  the  superposition  of  the  states 
4^5o  and  3^  £>2*  In  the  RW  case  the  steady-state  populations  in  the  cooled  fraction  of  atoms  can  be 


Counterpropagating  running  waves 

fKy“  —  2  ~1  ITtf—O  +1  WIp=  +2 


Figure  2:  Transition  scheme  using  counterpropagating  running  waves.  In  this  case  there  are  three 
VSCPT  cooled  subsystems  present.  Two  of  them  are  dominating  whereas  the  third  one  is  not  signifi¬ 
cantly  populated  (see  text  for  explanations).  The  two  pairs  of  counterpropagating  waves  are  oppositely 
circular  polarized. 


written  as: 


n(i5)  =  u^/iu^  +  V^)  (1) 

n(^£))  =  2V'^/ {u^ +  2V^) 

Here,  u  denotes  the  Rabi  frequency  of  the  far  infrared  transition  (5500  nm),  V  is  the  Rabi  frequency 
for  the  visible  one  (423  nm).  In  the  SW  case  the  occuring  factors  2  are  absent. 

In  Eq.l  it  can  be  seen  that  VSCPT  can  be  controlled  by  the  relation  between  the  two  Rabi  fre¬ 
quencies.  As  a  result  atoms  can  be  pumped  in  either  the  ground  state  or  in  the  metastable  singlet 
state. 

In  the  case  of  u  V  the  3^jD2  state  is  going  to  be  almost  depopulated  thus  filling  of  the  4^ Pi, 2 
states  is  suppressed.  Thus  it  improves  the  signal  to  noise  ratio  of  precise  frequency  measurements  using 
the  intercombination  transition  A  =  657nTn. 

On  the  other  hand,  the  case  u  V  demontrates  some  specific  features.  In  this  case  atoms  are 
piunped  into  the  metastable  singlet  state.  The  4^5©  state  is  going  to  be  almost  depopulated  and 
even  a  population  inversion  between  the  states  4^5©  and  4^ Pi  could  be  achieved.  Here,  an  optical 
pumping  via  a  velocity  selected  state  takes  place  since  the  whole  trapping  process  is  a  velocity  selective 
one.  In  principle  we  expect  two  peaks  arising  in  the  atomic  velocity  distribution  separated  by  2hkiRi . 
Since  kjRi  is  very  small  those  two  peaks  overlap  in  the  velocity  space.  This  fact  was  proved  by  our 
numerical  calculations.  In  this  work  we  restrict  ourselves  to  calculations  of  the  velocity  distribution  in 


543 


standing  waves 


in,  ■=+!  fn,«=+2 


Figure  3:  VSCPT  cooling  scheme  using  standing  waves.  The  two  Zeeman  sublevels  with  m=-2  and 
m=-l  are  not  significantly  populated  due  to  very  different  relaxation  rates  of  the  transitions.  The 
polarizations  are  circular. 


the  metastable  state.  Subdoppler  cooling  can  be  achieved  when  the  following  condition  is  fulfilled: 

r' » (2) 

where  F'  Al  +  A/h  (A^,  Ajr  are  the  bandwidths  of  the  visible  respectively  the  infrared  laser  light), 
ujR  is  the  recoil  frequency  and  7  is  the  spontaneous  emission  rate  of  the  excited  state.  Therefore,  the 
coherent  light  sources  must  be  stabilized  as  good  as  a  few  umpteen  of  kHz. 

Prom  the  metastable  state  atoms  can  decay  to  the  triplet  states.  The  velocity  distribution  of  atoms 
in  the  triplet  states  is  an  almost  identical  image  of  the  distribution  in  the  3'I>2  state.  However,  it 
differs  due  to  a  kjR2  =  photon  recoil  which  smooths  the  distribution  slightly. 

We  estimate  the  final  atomic  temperature  as 

r/i„a?  =  Ti+T2  (3) 


The  temperature  Ti  is  the  one  achieved  by  optical  pumping.  It  is  of  the  order  of® 

r,  - 


(4) 


where  Tr  =  2fuj'^fkB  is  the  recoil  temperature  and  C  is  a  number  of  the  order  of  1.  The  temperature 
T2  is  due  to  the  IR  recoil  and  can  be  expressed  naturally  as 


kjR2T2  —  hkjp2/^M 


(5) 


(M... atomic  mass). 


Figure  4:  Time  evoluted  velocity  distribution  with  ideal  initial  conditions.  The  initial  gaussian  distrib¬ 
ution  is  assumed  to  have  a  FWHM  width  of  10  times  the  velocity  recoil  caused  by  a  single  blue  photon. 
In  this  case  the  peak  area  within  the  borders  of  +/-  15  recoil  velocities  is  almost  as  large  as  100%. 
After  some  umpteen  microseconds  the  same  number  of  atoms  is  confined  into  a  peak  characterized  by 
a  width  of  a  single  photon  recoil.  For  parameters  see  text.  Evolution  time  as  indicated. 


3  NUMERICAL  CALCULATIONS 


We  have  performed  numerical  simulations  to  check  the  efficiency  of  the  presented  cooling  mechanism. 
We  have  solved  the  optical  Bloch  equations  (OBE)  for  the  case  of  running  waves.  The  temporal 
evolution  of  the  velocity  distribution  of  atoms  gives  a  clear  insight  into  the  dynamics  of  the  cooling 
process.  Only  velocity  distributions  of  the  metastable  state  are  calculated  as  further  relaxation  processes 
are  easy  to  determine  (as  explained  above).  The  set  of  parameters  for  those  simulations  involve  the 
laser  detunings  for  the  visible  beam  6v  and  the  infrared  beam  5^,  the  Rabi  frequencies  u  and  V  and  the 
width  of  any  initial  velocity  distribution  which  is  assumed  to  possess  a  gaussian  shape.  Here  we  discuss 
the  results  of  two  different  cases.  The  ideal  case  where  the  initial  distribution  is  set  to  an  arbitrary 
(small)  value  (see  Fig.4)  and  the  realistic  case  where  the  initial  distribution  is  set  to  an  experimentally 
achievable  value,  after  precooling  in  a  MOT  (see  Fig.5).  The  figures  indicate  the  optimum  values  for 
laser  detunings  and  as  well  as  Rabi  frequencies.  The  set  of  optimum  parameters  have  been  found 
empirically  and  are  given  as  Sy  =  =  — 0.27,u  =  0.17,1^  =  O.87. 

In  the  ideal  case  it  can  be  seen  that  the  final  temperature  of  the  trapped  atoms  (indicated  by  the 
full  velocity  width  at  half  peak  maximum)  undergoes  clearly  the  limit  of  a  single  photon  recoil  velocity. 
The  fraction  of  ultracold  atoms  is  of  the  order  of  more  than  50%  of  all  atoms. 


545 


Figure  5:  Time  evoluted  velocity  distribution  with  realistic  initial  conditions.  The  initial  FWHM  width 
is  as  wide  as  80  blue  photon  recoils  which  could  be  achieved  in  a  magneto  optical  trap.  With  these 
realistic  conditions  a  large  number  of  atoms  (almost  a  quarter  of  initially  hot  atoms)  can  be  pumped 
into  the  VSCPT  state(s).  The  pumping  rate  however  is  not  faster  than  hundreds  of  microseconds  which 
is  still  smaller  than  the  storage  time  of  the  trap.  For  parameters  see  text.  Evolution  time  as  indicated. 


In  the  realistic  case  we  have  set  the  FWHM  width  of  the  initial  distribution  to  values  which  can  be 
achieved  in  usual  magneto  optical  traps.  However,  initially  a  large  number  of  atoms  reside  outside  the 
trapping  region  of  usual  VSCPT  which  is  some  hk  wide.  In  the  present  scheme,  a  strong  Doppler  force 
assists  VSCPT  in  the  early  stage  of  establishment®.*^  Therefore,  it  is  still  possible  to  get  a  considerable 
number  of  atoms  into  the  trapping  region.  In  Fig.5  it  can  be  seen  that  the  final  distribution  of  atoms 
has  a  width  of  around  a  single  blue  photon.  The  fraction  of  cold  atoms  is  about  25%  of  the  number  of 
atoms  initially  within  the  depicted  range  of-15/*fl5  hk. 


4  DISCUSSION 

The  cooling  mechanism  presented  in  this  work  can  be  considered  as  a  quite  simple  method  to 
achieve  subdoppler  temperatures  in  a  MOT  storing  atoms.  It  is  easy  to  apply  because  it  uses  a 
bichromatic  light  field  only.  The  availability  and  good  handling  of  light  sources  with  wavelengths  used 
in  this  mechanism  is  another  advantage  which  has  to  be  outlined.  We  have  noted,  however,  that  the 
demand  on  frequency  stabilisation  and  on  narrow  bandwidths  of  the  two  independent  radiation  sources 
(see  Eq.2)  are  the  most  difficult  steps  in  a  setup  arrangement.  Nevertheless  a  couple  of  examples  show 
that  such  difficulties  could  be  surmounted.® 
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If  the  atoms  axe  cooled  in  a  beam  then  the  length  of  a  free  flight 

I  ~  Vbeam'^  (b) 

is  required  {vteam  is  the  average  velocity  of  the  atomic  beam,  r  is  the  lifetime  corresponding  to  the 
decay  3^D2  4^ -Pi)-  A  laser  beam  size  of  order  of  that  used  in  former  experiments  on  VSCPT  in 

helium^  should  provide  significant  population  of  the  triplet  state. 

An  important  problem  to  be  solved  is  the  extension  of  this  method  of  optical  pumping  via  selected 
state  from  an  one-dimensional  to  two-  and  three-dimensional  configurations  in  calcium  as  well  as  to 
other  elements.  This  task  is  not  trivial  since  polarization  effects  and  effects  related  to  a  finite  kinetic 
momentum  corresponding  to  the  IR  transition  between  the  P  and  D  singlet  states  become  important 
here. 


5  ACKNOWLEDGMENTS 


This  work  is  supported  by  the  Austrian  Science  Foundation  imder  the  grant  S  6508.  We  acknowledge 
helpful  discussions  with  F.  Riehle  and  E.  A.  Korsunsky.  One  of  the  authors  (I.E.M.)  is  grateful  to  the 
Institut  fiir  Experimentalphysik,  TU  Graz,  for  their  hospitality  and  support. 


6  REFERENCES 

[1]  H.  Schnatz,  B.  Lipphardt,  J.  Helmcke,  F.  Riehle  and  G.  Zinner,  "First  phase-coherent  frequency 
measurement  of  visible  radiation”,  Phys.  Rev.  Lett.,  76  (1),  18-21  (1996). 

[2]  T.  Kisters,  K.  Zeiske,  F.  Riehle  and  J.  Helmcke,  ” High-resolution  spectroscopy  with  laser-cooled 
and  trapped  atoms”,  Appl.  Phys.  B  59,  89-98  (1994). 

[3]  A.  Aspect,  E.  Arimondo,  R.  Kaiser,  N.  Vansteenkiste  and  C.  Cohen-Tannoudji,  "Laser  cooling 
below  the  one-photon  recoil  energy  by  velocity-selective  coherent  population  trapping” ,  Phys.  Rev. 
Lett.  61,  826  (1988). 

[4]  A.  Aspect,  E.  Arimondo,  R.  Kaiser,  N.  Vansteenkiste  and  C.  Cohen-Tannoudji,  "Laser  cooling 
below  the  one-photon  recoil  energy  by  velocity-selective  coherent  population  trapping:  Theoretical 
analysis",  JOSA  B,  6  (11)  2112-2124  (1989). 

[5]  E.  Korsunsky  and  Yu.  Roshdestvensky,  ”  Subrecoil  laser  cooling  with  coherent  population  trapping 
in  cascade  systems",  Phys.  Rev.  A.  52,  3027  (1995) 

[6]  I.  E.  Mazets,  N.  Leinfellner,  I.  A.  Grigorenko,  B.  G.  Matisov  and  L.  Windholz  :  "VSCPT  subrecoil 
laser  cooling  of  atoms  with  a  non-degenerated  (J=0)  ground  state” ,  Zeitschrift  fiir  Physik  D  38, 
327-333  (1996). 

[7]  N.  Leinfellner,  I.  E.  Mazets,  E.  A.  Korsunsky  and  L.  Windholz:  "Velocity-selective  coherent  pop¬ 
ulation  trapping  on  narrow  transitions”,  in  Ultracold  Atoms  and  Bose-Einstein-Condensation,  K. 
Burnett  (ed.),  OSA  Trends  in  Optics  and  Photonics  (TOPS)  vol  7,  48-52  (1997). 

[8]  A.  M.  Akul’shin,  A.  A.  Celikov,  V.  L.  Velichansky,  "Sub-natural  absorption  resonances  on  the 
Di-line  of  rubidium  induced  by  coherent  population  trapping”,  Opt.Commim.,  84  (3,4),  139-143 
(1991). 


547 


Invited  Paper 


Linear  and  nonsaturating  effects  in  atomic  multiplets  subjected  to  three  strong  electromagnetic  fields  at  resonance 


F.  F.  Popescu,  F.  Marica  and  G.  Radu 

University  of  Bucharest,  Faculty  of  Physics,  P.O.Box  MG-1 1, 
76900  Bucharest,  Magurele-Bucharest,  Romania 
e-mail  address:  popf@scut.fizica,unibuc.ro 


ABSTRACT 

Analytic  steady-state  solutions  of  the  density-matrix  equation  are  discussed  for  multilevel  spin  systems  in  dilute 
paramagnetic  solids  at  high  temperature  and  subjected  to  three  fi-equency-conrelated  fields  at  resonance.  Unlike  the 
double  resonance,  in  the  case  of  triple  resonance,  the  three  microv^ave  fields  are  sufficiently  strong  and  the 
spectroscopic  bridge  conditions  are  satisfied,  important  linear  and  nonsaturating  effects  are  predicted. 

Keywords:  quantum  amplification  and  detection,  fi-equency  conversion,  triple  resonance,  spectroscopic  bridge 

1.  INTRODUCTION 

In  usual  single  or  double  resonance  experiments  or  maser  effects,  when  the  radiation  fields  are  strong,  important 
nonlinear  or  saturating  effects  occur*’^.  In  the  case  of  maser,  the  better  amplification  is  achieved  when  the  linear  effects 
prevail^  ,  so  only  the  pumping  field  has  to  be  strong,  while  the  emitted  field  must  be  weak.  When  the  emitted  field  is 
strong  too,  the  nonlinear  or  saturating  effects  become  limitations  that  have  resulted  in  a  virtual  cessation  of  development 
in  the  solid-state  maser  field^ . 

Unlike  the  double  resonance,  in  the  case  of  triple  resonance,  when  the  spectroscopic  bridge  (SB)  conditions  are 
fulfilled,  high-efficiency  microwave  generation  or  detection  has  recently  been  predicted'^  ^  Thus,  although  the  three 
microwave  fields  are  strong,  important  linear  or  nonsaturating  effects  occur,  while  the  heat  absorbed  by  the  lattice  per 
unit  time  is  minimum. 

The  purpose  of  the  present  paper  is  to  analyse  the  effects  mentioned  above  by  means  of  the  analytic  steady-state 
solutions  of  the  density  matrix  equation.  These  solutions  have  been  derived  considering  a  formalism  suitable  for 
multilevel  spin  system  in  dilute  paramagnetic  solids  at  high  temperature  and  subjected  to  several  strong  fields^"^. 

2.  STEADY-STATE  SOLUTIONS  OF  THE  DENSITY  MATRIX  EQUATION 
FOR  THREE  FREQUENCY-CORRELATED  FIELDS  AT  RESONANCE 

In  order  to  obtain  the  microwave  powers  absorbed  or  emitted  by  a  dilute  paramagnetic  solid  subjected  to  several 
quasimonochromatic  fields  at  resonance  ,  one  can  use  the  analytic  steady-state  solutions  of  the  density  matrix  equation 
for  a  multilevel  spin  system^"*: 


Pjj  “  Jpij^cD  jj|Djj(o))do)  —  2^c0jjQjjN 


(1) 


If  Py  >  0  the  power  is  emitted,  while  if  P-j  <  0  the  power  is  absorbed,  oy  =  cof  -  (d j ,  cof  =  Ej  /  ^ ,  with  Ej  being 
the  exact  eigenvalues  of  the  spin  Hamiltonian  and  N  the  total  number  of  spins.  (Oy  =  ©y  +5coy,  where  the  spectral 

density  Dy(® )  of  a  quasimonochromatic  field  at  resonance  is  nonvanishing  as  long  as  js©  y] «  ^T^^  j  where  t|  is  the 

spin-spin  relaxation  time  corresponding  to  the  pair  of  spin  levels  involved. 

Let  us  consider  three  levels  n,  <t,  m  among  the  levels  of  a  multilevel  spin-system.  Let  us  suppose  that  the  number  of 
levels  is  ni>2,  >  E^y  >  E^^  and  that  the  fi’equencies  of  the  three  quasimonochromatic  fields  are  correlated  : 

^  mn  =  ®  no  ^  am 
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For  simplicity,  let  us  suppose  that  the  three  fields  are  at  resonance:  jAcoyj «  ,  where  Acoy  are  the  frequency 

detumings  from  the  resonance  of  these  fields.  At  resonance,  as  we  have  shown  in  a  recent  paper^,  the  better  efficiency  of 
the  frequency  conversion  is  achieved  when  the  coherent  mixing  of  the  three  fields  is  negligible.  Consequently,  let  us 

consider  5©ij  « |AcDy|  v^en  the  overlapping  factor  could  be  negligible,  and  consequently,  the  coherent  mixing  term  is 

negligible,  too.  Then,  all  the  dispersions  are  vanishing  and,  if  the  SB  conditions  are  fulfilled,  one  obtains  the  frequency 
conversion  mechanisms  discussed  in  Refs.  4,5.  So,  although  the  efiBciency  of  the  conversion  could  be  very  high,  these 
mechanisms  are  not  parametric  processes.  In  this  case,  the  solutions  for  the  power  parameters  Qy  =  -Qjj  are  obtained 

by  solving  a  system  of  equation"^  -which  in  our  case  becomes: 


(if"'  +  +  2Tr  +  =  pL>  -  pL 


(3) 


and  other  two  similar  equation  obtained  by  circular  permutations  of  mn ,  no,  am.  Xjjm  in  Eq.  (3)  is: 


Xmn  5  Tallin  ,  hctc  't'OTh  ,  cm  c 

mn=mn02T2  +^02^2  +inn02^2  W 

Xno  and  Xjjm  being  obtained  by  circular  permutation,  and  : 

;  ?j52  =  ((p?s)-(pu))((pi))''  (5) 

pfi  in  Eq.  (3)  are  the  thermal  equilibrium  values  of  the  diagonal  elements  of  the  density  matrix"^: 

Pii  “  (^i  /  N)  =  pjj  +  2KjjuiQy  +  2KjjfyQjny  +  2Kjjjj^Qjyjji  (6) 

Nj  being  the  population  of  the  level  i.  py  are  matrix  elements  (considered  to  be  real)  of  the  time  dependent 

Hamiltonian  that  represent  the  interactions  of  the  multilevel  system  with  the  three  strong  fields.  They  are  expressed  in 
h  unit  and  are  written  in  the  interaction  representation  like  the  off-diagonal  elements  py  of  the  density  matrix: 

(py)=  |py|cDyjDy(o)dco  .  (the  spin-spin  relaxation  times  )  are  given  by^ 


(t|)''  =  (t|)“'  +  (1  /  2)X[l  -  x(l  -  5ip)]a>  jp  +  (1  /  2)X[l  -  x(l  -  5jp)]a)ip  (7) 

P  P 

|t2^  j  ^  are  the  usual  contributions  to  the  spin-spin  interaction'  and  are  dominant  at  low  temperature.  The  expressions  (7) 

are  similar  to  those  given  by  the  usual  theories  of  relaxation  (often  referred  as  Redfield  Theory'),  the  difference 
being  that  the  contributions  of  the  spin-lattice  relaxation  rates  wy  to  the  off-diagonal  matrix  elements  of  the  relaxation 

matrix  have  to  be  multiplied  by  a  narrowing  factor  %  wfrich  is  usually  one  half'. 

The  spin-lattice  relaxation  parameters  Ky  are  obtained  by  solving  the  equations; 

-  K|jWi„)  =  X(K|jWjj,  -  K^w«j)  =  1;  ^  (K§Wp„  -  Kf  w„p)  =  0;  p  i, j  (8) 

a^i  a^tj 

Ky  have  the  following  important  properties: 
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(9) 


Kjj  -  U  ,  Kjj  -  ,  Kjj  -  K-p  +  Kpj 

a 

The  spin-lattice  relaxation  times  and  are  defined  as  follows: 

T\«  =  K|j‘  =  Kfj-K|j;  Tf=Kg‘  =  q-Kij  (10) 

and  as  a  consequence  of  the  Eqs.  (9)  they  exhibit  the  following  properties: 

(a;^i,j);  'Ii«=Tf‘+Tf  (11) 

At  sufficiently  high  temperatures  so  that  |Ej  -  Ej  j  /  kT  » 1,  co  y  /  a jj  =  1 .  In  this  case: 

KfsKi  (12) 

Tj-^  represent  the  spin-lattice  relaxation  time  corresponding  to  a  simple  line  in  usual  Electron  Paramagnetic  Resonance 
(EPR)  experiments*.  The  concept  of  relaxation  matrix  and  consequently  Eqs.  (3),  (7)  and  (8)  remains  valid  as  long  as: 

(pij)  ^  ^  (13) 

-Rrs  relaxation  rates  corresponding  to  the  pair  of  different  vibrational  states  represent  the  linewidths  in  infrared  (IR) 

spectra.  As  -Ry  -  {jf)  which  corresponds  to  the  EPR  linewidth  is  a  few  Gs  (10*^  cm‘* ),  the  condition  (13)  is 

satisfied  even  for  very  strong  microwave  fields,  whose  magnetic  amplitudes  do  not  however  exceed  a  few  hundred  Gs. 
Let  it  be  the  solutions  of  the  Eqs.  (3)  of  the  form: 

Qy  =  Ay/A  (14) 

A  very  important  consequence  of  the  properties  (9)  is  that  Ay  and  A  in  Eq.  (14)  do  not  contain  terms  independent  on 
Xy .  On  the  contrary,  in  all  the  other  cases  (one  field,  two  fields  or  three  fields  wfrose  frequencies  are  not  correlated), 

the  remark  mentioned  above  is  not  fulfilled.  Let  us  assume  that  all  the  three  fields  are  strong  enough  so  that  [see  Eqs. 

(5)]: 


rs 

ij 


5j,^y82 


«i 


but  not  vety  strong  so  that  the  conditions  (13)  to  be  satisfied. 


3.  THE  POPULATIONS  AND  THE  HEAT  ABSORBED 
BY  THE  LATTICE  PER  UNIT  TIME  IN  STRONG  FIELDS 

Considering  the  properties  (9)  in  Eq.  (7)  one  obtains  : 

Xi  =  p.i-pfi  =  2KUn5S+2Kj^DS? 


(15) 


(16) 


where 
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The  heat  absorbed  by  the  lattice  per  unit  time  is: 


PL=-(Pmn+Pn(j+Pcin)  =  Z(^j~^i)(“jiXj“®ij^i)^  ’ 


Let  us  assume  that  all  the  microwave  fields  are  strong  enough  so  that  the  conditions  (13)  and  (15)  are  satisfied 
simultaneously.  In  this  case  as  a  consequence  of  the  remark  made  at  the  end  of  the  previous  section,  A,  and  A^ 
are  all  proportional  to  X  =  +  ^am  • 


■“  ^mn  —  X  •  A 


,  <T'mn«T'CTm  ,  Tp-ncyT^om  ,  />T^rnn'T'mii  ,  /->T>ncy'T'ncT  ,  TX'OTnnnCTni  ,  /•I'T'no’nnCTin  r|->OTn<-pn 

+  I2  I2  +  I2  ^2  h  “  tnrr  ter 


A-  ^  x[(Tr  +  ir  +  2T^IpI  -  p°,)+  (12"”  +  2TZIpI  -  pLn)] 


and  a  similar  expression  for  A^  permutating  in  Eq.  (19)  na  and  am. 

Taking  into  account  Eqs.  (14),  (18)  and  (19)  in  Eqs.  (16)  and  (17)  one  can  observe  that  the  populations  pji  of  the 
levels  and  the  heat  absorbed  by  the  lattice  per  unit  time  Pl  become  independent  of  X  and  consequently  on  the 
intensities  of  the  three  strong  microAvave  fields,  and  all  of  them  exhibit  their  extreme  values'*.  Thus,  although  these 
quantities  are  saturated,  is  minimum,  and  (p^jn  -Pnn)  maximum,  while  in  the  usual  cases  of  single  or  double 

resonance,  when  the  saturation  is  reached,  P^  is  maximum  and  (Pmni  “  Pnn)  is  vanishing.  The  minimum  value  of  the 
heat  absorbed  by  the  lattice  per  unit  time  is: 

pmin  ^  ^  ^  ^  21,™ (E^  -  E„)(E^  -  E„)  + 

+  2Tr  (En  -  E„)(E,  -  E„)  +  2Tr  (E^  -E„)(E^  -  E„)]-  (2N)(NkTA)-' 

where  we  have  considered  that  the  temperature  is  high  enough  so  pfj  -  p^  =  ^Ej  -  Ej  j  /  (NkT) . 

At  lower  temperature,  Tj-^  »  T^*^  so  the  dominant  term  in  A  defined  in  Eq.  (19)  is  iT^^Tf"'  -T^T^^  j  which  as  a 
consequence  of  the  Eqs.  (9)  and  (1 1)  exhibits  the  following  important  property: 

i  /'-pnCTni  \  / nptiCT npdii  'T'Cyitinpiic )  /'T'liui'T'Oni  »ycnnnpnin  \  /•y'lmi'T'nCT  T-inc  opnin ) 

^mui=(Ti  j  =|^Ti  Ti  -Tjia  Tjymj  =  |^Ti  Tj  =  Tj  “T^nTna  j  (21) 

That  is  why  T”^|<  T/*^,Tf™,Tj"“j  may  be  considered  the  spin-lattice  relaxation  times  characterising  the  three 
spin  levels  n,  a,  m. 

4.  THE  SPECTROSCOPIC  BRIDGE 

An  interesting  case  is  that  of  the  spectroscopic  bridge'* : 

(pL}  =  (pL)  (22) 

In  this  case: 
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(23d) 


na  c  cm 
cm 


=  0  {23a);  ^§2=^52  (23b);  ^^^82=^5152  (23c) 

(rS2)/("l82)  =  -((pL)/(pL}) 


Let  us  denote: 


5_cm  5?  ,  mn  c 
-n(Tbi+ncTb2  = 


(pin)-  (pL)  +  (t2'™)~'(t2"")'’  (pL)"' 


In  this  case  the  exact  solution  for  the  power  parameter  is: 

_ (Pmm  -Pnn)(pL)'r2™8 


^mn  “  ' 


1  + 


(t2"")"'(t2'™)"'(pL)'‘  +  {[(t2""  )  /  (t2'^  )]  +  [(12"")  /  (t2"'^)]}(pL)(pL) 

Let  US  consider  ^Pna^  constant  and  ^p^^  variable. 


-1 


(24) 


(25) 


A.  Nearly  balanced  bridge 


ij^2 


«y6i  «1 


(26) 


consequence  of  these  conditions  Xy,  X^,  Ay  and  are  all  proportional  to  ^ySj .  As  ^y8i  are  all  positive  and  ver}' 
small,  the  microwave  powers  and  P^^j^  are  all  low  and  absorbed  by  the  lattice  [see  the  section  (a)  in  Fig.  1]. 

The  populations  pjj  reach  their  extreme  values  while  Pj^j^  -  pj^^  is  maximum  and  the  heat  absorbed  by  the  lattice  per 
unit  time  is  minimum  (see  the  previous  paragraph  and  reference  3).  In  addition,  pjj  and  P^  are  independent  on  the 
microwave  field  intensities. 


B.  The  strong  unbalanced  bridge:  a  high  efficient  oscillator 


uSi« 


«1 


(27) 


In  this  case  [see  Eqs.  (23)  and  (24)]:  ^"6  ^  ^  •  Consequently,  pjj  and  Pl  are  nearly  independent  on  the 

fields  intensities,  Pj^  -  Pj^  is  nearly  maximum  and  P^  is  nearly  minimum.  We  can  easily  find  that  and  A 

[see  Eqs.  (19)]  contain  terms  that  are  proportional  to  Sj  and  8"  (n  >  2)  but  as  a  consequence  of  the  properties  (9) 
they  do  not  contain  any  term  proportional  to  8.  That  is  wiiy,  the  populations  and  the  heat  absorbed  by  the  lattice  per  unit 
time  do  not  depend  for  small  8  on  its  sign^  .  On  the  contrary  Ay ,  Qy  and  consequently,  Py  contain  terms  proportional 

to  8  [see  for  example  Eq.  (25)].  In  the  present  case  we  can  consider: 

Py  =  (c.j8)/(a  +  b52)  (28) 

where  c^^  <  0 ,  c^y^  >  ^  a,  b  >  0.  When  8  <  0,  P^^y  and  Pj,^y  are  absorbed  and  emitted,  \\fiile  for  8  >  0, 
Prct  ,  Pjym  are  emitted  and  Pj^n  is  absorbed  (see  Fig.  1) .  As  we  have  mentioned  above,  in  this  section  p^^  -  p^n  is 
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nearly  maximum  and  positive.  However  [see  Eq.  (25)]  ,  since  Pnjn  is  also  proportional  to  8,  for  8  <  0,  although 
Pmm-Pnn>0.  Pmn  is  emitted. 


-0.4  -0.2  0.0  0.2  0.4 


Figure  1.  The  predicted  dependencies  (Ref.  12)  of  the  absorbed  or  emitted  powers  Pjjjjj  (full  line),  P^^j  (broken 


-0.4  -0.2  0.0  0.2  0.4 

Figure  2.  The  predicted  dependencies  (Ref  12)  of  the  efficiencies  of  crystal  Tlj  = /  (P^^j  +  P^jjn)  and 
^2  =  -(Pno  +  Pom)  <  Pmn  on  6_,  for  =  constant. 

That  is  why  the  spectroscopic  bridge  acts  as  a  maser  without  inversion^ .  The  powers  Py  exhibits  extreme  values  [see 
Eq.  (28)  and  section  (b)  in  Fig.  1]  for  Sjx,  =  ±(a  /  •  (ab)~*^^ .  Since  Cy  »  \a  «  ^Pn^^ 

and  b  »  ^Pn<j^  ^  and  5ex,  “  (pL)  '  ^  •  The  larger  ^p^^^  is,  the  smaller  5ex.  is,  and  the  stronger 
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emitted  powers  are  .  Thus  ,  unlike  the  usual  cases  of  one  or  two  strong  fields,  in  the  case  of  three  strong  fields,  when  the 
spectroscopic  bridge  conditions  are  fulfilled,  the  emitted  and  absorbed  powers  are  not  saturated  .  Of  course,  the  three 
fields  may  not  be  however  intense  ,  because  in  this  case  the  condition  (13)  ceased  to  be  fulfilled. 

The  efficiency  of  the  crystal  (but  not  of  the  spectroscopic  bridge  device)  may  be  defined  as  t]  =  ,  where  Pg 

and  Pa  are  power  emitted  or  absorbed.  For  5  <  0 ,  ti,  =  /  (Pna  +  Pom) .  8  >0,  112  =  -(P„<,  +  Pom)  /  Pmn  • 

Since  in  this  section  the  heat  absorbed  by  the  lattice  is  nearly  minimum,  : 

PmnS-{P„o+Pom)  »  Pl  ,  so  unusually  high  efficiency  could  be  obtained  [see  section  (b)  in  Fig.  2]. 

The  larger  82  /  8|  is,  the  stronger  emitted  powers  and  efficiencies  are.  However  because  is  positive  and 
never  zero:  rii  <  t|2  <  1  (see  Fig.  2 ).  For  given  intensities  of  microwave  fields,  three  are  optimum  temperature  at  which 

the  emitted  powers  and  efficiency  t]  have  their  maximum^.  These  temperatures  are  relatively  high  and  do  not  differ  too 
much.  The  higher  field  intensities  are,  the  higher  optimum  temperatures  are  ,  but  these  temperatures  do  not  change 
strongly"^. 

C  Saturated  unbalanced  bridge 


^^81  « 1^^821  ^1  (29) 

In  Figs.  1  and  2,  section  c,  8  becomes  considerable  larger,  and  the  contributions  of  the  terms  proportional  to  8^  and 
8^  for  A  prevail.  In  this  case  Pj^m  ^  Pnn  ’  2nd  tj  decrease  monotonically  towards  small  values,  while  P^  increases 
towards  its  maximum  (see  Figs.  1  and  2  and  reference  4).  These  small  values  of  Py  and  maximum  values  of  P^ 
become  independent  on  the  intensities  of  the  microwave  fields  ,  and  consequently  saturated.  Thus,  the  usual  cases  of  two 
strong  fields  [see  Figs.  1(c)  and  2(c)  on  the  left  side  of  the  figures,  where  (pL)  =  (Pam)  »  (pLi)  or  of  a  single  very 

strong  field  [see  Figs.  1(c)  and  2(c)  on  the  right  side  of  the  figures  vdiere  ^p^^  »  (Pnc)  =  (p^)  ]  could  be  considered 
particular  cases  of  three  strong  fields  when  one  or  two  among  these  fields  are  weak  or  vanishing. 

5.  CONCLUDING  REMARKS  AND  OUTLOOK 

Our  major  conclusions  are  as  follows: 

The  highest  efficiency  of  the  frequency  conversion  could  be  reached  when  all  the  three  fields  are  strong,  the 
corresponding  Rabi  frequencies  are  comparable  [see  the  conditions  (4)],  and  the  coherent  mixing  is  negligible.  This  is 
an  unexpected  result,  since  up  to  now,  the  maximum  efficiency  of  the  frequency  conversion  was  considered  to  be 
reached  by  the  parametric  processes,  when  the  coherent  mixing  of  the  three  fields  is  maximum^’^\ 

In  the  usual  cases  of  single  or  double  resonance,  when  the  electromagnetic  fields  are  strong,  important,  nonlinear  and 
saturating  effects  occur,  while  the  heat  absorbed  by  the  lattice  exhibits  its  maximum.  In  the  case  of  triple  resonance, 
when  all  the  spectroscopic  bridge  conditions  are  satisfied,  very  interesting  linear  or  nonsaturating  effects  could  occur  , 
while  the  heat  absorbed  by  the  lattice  is  saturated  at  its  minimum  value.  These  effects  could  have  two  important 
consequences: 

a)  Unlike  the  usual  cases  of  quantum  amplifications,  when  the  spectroscopic  bridge  is  balanced,  the  linear  effects 
allow  a  more  efficiency  detection,  like  the  phase-sensitive  detection. 

b)  When  the  bridge  is  strongly  unbalanced,  the  saturating  effects  do  not  occur,  and  since  the  heat  absorbed  by  the 
lattice  is  nearly  minimum,  strong  microwave  field,  emitted  with  an  unusual  high  efficiency  could  be  possible. 

These  remarks  mentioned  above  might  be  valid  for  any  kind  of  multilevel  systems,  including  the  usual  cases  when 

the  electric  field  contribution  to  ^py^  is  dominant,  but  only  when  all  the  spectroscopic  bridge  conditions  are  satisfied. 

But  before  to  generalise  these  conditions  to  the  systems  mentioned  above,  let  us  make  some  remarks.  Thus,  within 
electric  dipole  approximation,  PmnPncrPcrm  =  0 ,  for  the  media  with  a  centre  of  inversion.  On  the  contrary,  in  the  case  of 
magnetic  dipole  approximation  the  above  quantity  is  nonvanishing  (for  example,  when  two  of  the  microwave  fields  have 
magnetic  components  perpendicular  with  respect  to  static  magnetic  field  B,  while  the  third  has  a  magnetic  component 
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parallel  to  B  ).  Another  opportunity  is  that  of  solid-state  materials,  vMch  are  in  general  more  rich  for  the  realisation  of 
different  energetic  configurations,  including  the  cases  of  media  without  a  centre  of  inversion  .  Unfortunately,  our 
treatment  is  valid  on  one  hand,  as  long  as  the  concept  of  relaxation  matrix  is  valid  too  [see  the  condition  (13)],  and  on 
the  other  hand,  the  fields  are  sufficient  strongly,  so  that  the  condition  (15)  to  be  satisfied.  As  we  have  justified^  ,  because 
the  vibrational  states  of  the  paramagnetic  impurity  are  assumed  to  be  more  tightly  coupled  to  the  lattice  than  the  spin 
states,  it  is  possible  to  obtain  even  in  strong  fields ,  the  coupled  equations  (3,  6),  characterising  the  spin-system  only.  For 
a  multilevel  system  other  than  a  spin  system  (corresponding  to  a  well  nondegenerate  ground  state),  the  two  conditions 
mentioned  above  might  not  be  simultaneously  satisfied. 

6.  ACKNOWLEDGEMENTS 

This  work  is  supported  by  National  Council  for  University  Scientific  Research  (C:N.C.S.U.)  under  Contract  No. 
7009/1997. 


7.  REFERENCES 

1.  For  reviews,  see  N.  M.  Atherton,  Electron  Spin  Resonance,  Wiley,  New  York,  1973,  and  Multiple  Electron 
Resonance  Spectroscopy,  edited  by  M.  M.  Doric  and  J.  K.  Freed,  Plenum,  New  York,  1979. 

2.  N.  Bloembergen,  Nonlinear  Optics,  Benjamin,  New  York,  1965. 

3.  J.  W.  Orton,  D.  H.  Paxman  and  J.  C.  Walling,  The  Solid  State  Maser,  Pergamon,  Glasgow,  1970. 

4.  F.  F.  Popescu,  “Solid-state  masers  without  inversion:  Theoretical  prediction  for  high-efficiency  oscillators  or 
phase-sensitive  detectors,  ”  Phys.  Rev,  B  48, 13569-13572  (1993);  F.  F.  Popescu  and  F.  Marica,  “Theoretical  analysis  o 
the  multiple  resonances  for  many-level  spin  systems.  The  four-level  spin  system  of  (ns)'  electron  ions  subjected  to 
strong  microwave  fields”,  Rom,  Rep.  Phys.  46, 907-943  (1994). 

5.  F.  F.  Popescu,  “Theory  of  a  type  of  quantum  amplification:  phase-sensitive  amplification  by  fi-equency 
upconversion”,  Phys.  Rev.  B  51, 18007-18010,  (1995). 

6.  F.  F.  Popescu ,  and  F.  Marica,  to  be  published. 

7.  E.  Harris,  J.  E.  Field  and  A.  Imamoglu,  ‘Nonlinear  optical  processes  using  electromagnetically  induced 
transparency”,  Phys.  Rev.  Lett.  64, 1107-1 1 10,  (1990). 

8.  D.  J.  Fulton,  Sara  Shephert,  Richard  R.  Mosely,  Bruce  D.  Sinclair,  and  M.  H.  Dunn,  “Continuous-wave 
ellectromagnetically  induced  transparency:  A  comparison  of  V,  A,  and  cascade  systems”,  Phys.  Rev.  A  52,  2302-2311, 
(1995). 

9.  Maneesh  Jain,  Hui  Xia,  G.  Y.  Yin,  A,  J.  Merriam,  and  S.  E.  Harris,  “Efficient  nonlinear  fi-equency  conversion 
with  Maximal  atomic  coherence”,  Phys.  Rev.  Lett.  77, 4326-4329  (1996). 

10.  J.  C.  Fetch,  C.  H.  Keitel,  P.  L.  Knight,  and  J.  P.  Marangos,  “Role  of  electromagnetically  induced  transparency  in 
resonant  four-wave-mixing  schemes”,  Phys.  Rev.  A  53,  543-561  (1996). 

11.  D.  A.  Coppeta,  P.  L.  Kelley,  P.  J.  Harshman,  and  T.  K.  Gustafson,  “Nonperturbative  analysis  of  four-wave 
mixing  in  a  four-level  system  with  three  strong  fields”,  Phys.  Rev.  A  53, 925-937,  (1996). 

12.  These  results  correspond  to  a  four  level  spin-system  of  in  calcite  (see  Refs.  4,  13,  14),  vriiere  B=1  T, 
T=90K,  /«  =  1,  cr=  2,  w  =3,  Vna=19.95  GHz,  Vom=  30.45  GHz,  and  v^=  50.40  GHz  ( v  =  ©  / 27c ). 

13.  F.  F.  Popescu  and  V.  V.  Grecu,  “Temperature  dependence  of  Pb^'^  EPR  spectrum  in  irradiated  calcite",  Phys. 
Stat.  Solidi  (b)  68.  595-601  (1975). 

14.  F.  F.  Popescu  and  V.  V.  Grecu,  “Raman  spin-lattice  relaxation  of  Pb^"^  in  calcite:  Hyperfine  effects”,  J.  Phys.  C 
15,1557-1555  (1982). 


555 


Multi-component  trace  gas  analysis  with  a  CO  laser  based  photoacoustic 

detector; 

emission  of  ethanol,  acetaldehyde,  ethane  and  ethylene  from  fruit 
F.J.M.  Harren,  J.  Oomens,  S.  Persijn,  R.H.  Veltman*,  H.S.M.  de  Vries*  and  D.H.  Parker 

Department  of  Molecular  and  Laser  Physics,  University  of  Nijmegen, 

Nijmegen,  the  Netherlands,  e-mail:  fransh@sci.kun.nl 

*  Agrotechnological  Research  Institute,  ATO-DLO,  Wageningen,  the  Netherlands 

ABSTRACT 

A  CO  laser  has  been  used  in  combination  with  photoacoustic  detection  to  monitor 
traces  gases  emitted  from  individual  pieces  of  fruit  under  changing  conditions.  Ethanol 
and  acetaldehyde  have  been  detected  as  indicators  of  fermentation,  ethylene  for  ripening 
and  ethane  for  lipid  peroxidation  during  deterioration  of  cell  membranes. 

Keywords:  trace  gas  detection,  photoacoustic,  CO  laser,  fruit  storage,  fermentation,  lipid 
peroxidation,  ethanol,  acetaldehyde,  ethylene,  ethane. 

1.  INTRODUCTION 

Photoacoustic  detection  in  combination  with  CO  and  CO2  lasers  is  a  sensitive  ana¬ 
lytical  tool  to  monitor  trace  gases  in  the  atmosphere  The  fingerprint  absorption 
spectra  in  the  infrared  of  many  gaseous  molecules  allows  one  to  detect  a  specific  specie  in 
a  mixture  of  other  gases.  The  sensitivity,  for  detection  of  a  gaseous  compound  at  trace 
gas  level,  depends  on  the  absorption  strength  of  the  molecule,  the  infrared  laser  power 
and  efficiency  of  photoacoustic  detection. 

Laser-based  trace  gas  detectors  are  able  to  monitor  gases  under  normal  atmospher¬ 
ic  conditions  with  orders  of  magnitude  better  sensitivity  compared  to  current  scientific 
instrumentation;  in  addition,  they  are  able  to  monitor  non-invasively  and  on-line  un¬ 
der  rapidly  changing  environmental  conditions,  competing  with  well  established/accepted 
methods  for  the  detection  of  molecular  trace  gases  such  as  gas  chromatography  and  mass 
spectroscopy. 

The  first  successful  application  of  this  technique,  using  a  CO2  laser,  was  achieved  for 
the  detection  of  ethylene  (C2H4;  the  only  gaseous  hormone)  with  a  sensitivity  of  6  pL/L, 
allowing  on-line  measurements  of  changes  in  ethylene  production  in  biological  tissue  In 
cooperation  with  plant  physiologists,  studies  have  been  performed  on  wilting  of  flowers, 
water  stress  of  plants,  germination,  fruit  ripening  and  nitrogen  fixation  of  bacteria 

Recently,  a  CO  laser-based  trace  gas  detector  suited  for  detection  of  a  large  number  of 
biologically  interesting  trace  gases  became  operational.  With  this  laser  first  applications 
were  found  in  entomology  studying  the  respiration  behavior  of  cockroaches  which  exhale 
water  vapor,  CO2  and  methane  ®.  In  this  paper  we  present  the  application  of  the  technique 
within  agricultural  post-harvest  research  studying  fermentation  processes  during  storage 
of  fruit. 
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Figure  1:  CO  laser-based  detector:  1,  2  and  3,  trace  gas  flows;  4,  triple  photoacoustic  cell; 
5,  liquid  nitrogen  cooled  CO  laser;  6,  grating  to  select  the  appropriate  transition;  7,  chop¬ 
per;  8,  switching  valves  for  (an)aerobic  conditions;  9,  sampling  cuvettes  one  containing 
fruit;  10,  switching  valve  to  select  cuvette;  10,  KOH  scrubber  to  remove  CO2;  12,  cooling 
trap. 


At  present,  many  fruit  varieties  are  stored  at  temperatures  of  -1.5  to  5°C  to  slow  down 
the  metabolic  processes  inside  the  fruit  delaying  ripening  and  aging.  In  addition,  long 
term  storage  of  fruit  is  improved  by  keeping  it  under  controlled  atmosphere  (CA),  i.e. 
storage  generally  under  low  oxygen  concentration  and  elevated  CO2  levels.  However,  due 
to  non-optimal  storage  conditions,  worldwide  post-harvest  losses  of  crops  are  estimated 
between  25  and  40%  ^ 

Monitoring  trace  gases  released  by  the  crop  gives  information  on  biologically  changing 
processes,  e.g.  on  the  fermentative  state  of  the  crop,  ripening  phase  and  damage  of 
cell  membranes.  The  levels  of  metabolic  products  may  serve  as  indicators  to  optimize 
the  CA  conditions.  If  the  oxygen  level  inside  a  storage  chamber  is  too  low,  the  fruit 
starts  to  ferment,  emitting  ethanol  and  acetaldehyde  (detection  limits  3  nL/L  and  0.1 
nL/L,  respectively)  The  emission  of  ethylene,  i.e.,  the  gaseous  hormone  which  induces 
ripening  of  the  fruit  decays  and  the  CO2  level,  drops. 

During  storage  one  would  like  to  avoid  cell  membrane  damage  (lipid  peroxidation)  of 
the  tissue  and  subsequent  deterioration  of  fruit.  Experiments  have  been  performed  on 
the  release  of  ethane  (C2H6)  by  pears  due  to  lipid  peroxidation.  Cell  membranes  mainly 
consist  of  polyunsaturated  fatty  acids  such  as  linolenic  acid,  linoleic  acid  and  arachidonic 
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Figure  2:  Absorption  coefficients  of  ethane,  ethylene,  acetaldehyde  and  ethanol  at  the  CO 
laser  lines.  Large  error  bars  indicate  either  strong  interference  with  water  vapor  (ethanol) 
or  weak  laser  lines. 

acid.  Radicals  such  as  the  hydroxy  radical  cause  peroxidation  of  these  fatty  acids  forming 
lipid  peroxides  Subsequent  reactions  with  iron  complexes  and  /^-scission  lead  to  the 
formation  of  pentane  and  ethane.  The  current  detection  limit  of  ethane  is  1  nL/L.  In  the 
near  future,  gases  like  methane,  ethane,  pentane,  carbon  dioxide  can  be  detected  with 
much  higher  sensitivity  (30  times)  due  to  the  newly  developed  Av=2  CO  laser 

2.  CO-LASER  PHOTOACOUSTIC  DETECTION 

The  liquid  nitrogen  cooled  CO  laser  operates  between  1260  and  2000  cm"^  on  250 
lines  with  an  intracavity  laser  power  up  to  40  Watt  (Fig.  1)®.  Multi  component  meaaure- 
ments  involve  repeated  switching  between  pre-selected  laser  lines  by  tuning  the  angle  of  a 
Littrow-mount  grating.  Simultaneously  with  the  photoacoustic  signal  the  laser  power  is 


558 


Figure  3:  Acetaldehyde  (AA)  and  ethanol  (EtOH)  emission  of  a  single  pear  stored  at 
0°C  and  anoxic  conditions  for  3  days.  At  t=4  h  high  CO2  levels  inhibit  the  fermentation 
pathway.  The  regular  pattern  on  top  of  the  ethanol  data  are  caused  by  temperature 
fluctuations  inside  the  cooling  trap. 


monitored  at  the  zero-order  out-coupling  of  the  grating.  A  mirror  with  100  %  reflection 
and  a  radius  of  curvature  of  5m  is  used  at  the  opposite  end  of  the  cavity. 

Three  photoacoustic  cells  are  placed  in  series  inside  the  laser  cavity;  since  the  photoa¬ 
coustic  signal  is  proportional  to  the  laser  power  it  is  advantageous  to  use  an  intracavity 
setup.  One  B&K  4179  microphone  and  two  Knowless  EK  3024  microphones  are  em¬ 
ployed  for  the  three  resonant  photoacoustic  cells;  the  acoustical  behavior  of  the  different 
resonators  are  described  elsewhere 

A  single  chopper  is  used  and  therefore  the  resonance  frequencies  of  the  cells  must  be 
equalized.  The  resonance  frequency  is  strongly  affected  by  the  1  inch  membrane  of  the 
B&K  condenser  microphone  To  achieve  an  equal  resonance  frequency  the  resonator 
equipped  with  this  microphone  is  8  mm  shorter  than  those  of  the  other  two  cells.  The 
latter  two  differed  only  by  0.3  mm;  the  remaining  differences  in  resonance  frequency  are 
individually  corrected  by  heating  each  resonator  separately  using  a  temperature  control 
unit  (0.5  K  a  1  Hz  frequency  change). 

Biologically  interesting  gases  can  be  detected  simultaneously  in  a  gas  mixture  by 
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Figure  4:  Acetaldehyde,  ethane  and  ethylene  emission  of  3  pears  at  O^C,  10  %  CO2  and  2 
%  O2.  High  CO2  levels  in  give  rise  to  cell  membrane  damage  resulting  in  elevated  levels 
of  ethane. 


choosing  a  set  of  laser  lines  corresponding  to  the  fingerprint  absorption  patterns  of  each 
of  these  gases.  The  selectivity  is  enhanced  by  a  cold  trap  kept  at  temperatures  between 
ambient  and  liquid  nitrogen  temperature  to  selectively  freeze  out  spectrally  interfering 
gases  (e.g.  water  vapor)  The  biological  sample  is  placed  in  a  continuous  flow  system 
of  a  few  liters  per  hour  which  leads  the  released  gases  from  the  sample  cell,  via  the  cold 
trap  to  the  photoacoustic  cell,  thus  creating  an  on-line  and  non-intrusive  technique  (Fig 
!)■ 

The  described  set-up  was  employed  to  make  a  survey  of  the  absorption  coefficients  of 
biologically  interesting  gases  of  ethane,  ethylene,  acetaldehyde,  ethanol  on  selected  CO- 
laser  lines  .  The  absorption  spectrum  of  water  vapor  is  known  with  high  accuracy;  because 
of  the  1^2  (moderate)  absorption  band  at  1600  cm“^  and  its  high  concentration  compared 
to  other  trace  gases;  it  forms  the  most  important  source  of  spectral  interference.  In  Fig. 
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2  the  absorption  spectra  of  ethylene,  ethane,  acetaldehyde  and  ethanol  are  shown.  The 
large  error  bars  on  several  absorption  lines  is  caused  by  the  strong  interference  of  water 
absorption  at  these  lines 

For  a  multi-component  analysis  of  a  gas  mixture  the  CO  laser  is  tuned  to  a  number 
of  laser  lines.  For  the  analysis  it  is  preferable  to  obtain  an  overdetermined  system  with 
G  <  L  where  G  stands  for  the  number  of  gases  and  L  for  the  number  of  laser  lines; 
in  this  way  more  information  can  be  obtained  from  the  gas  mixture  resulting  in  more 
accurate  results  For  practical  convenience  the  signal  generated  by  window  absorption 
and/or  resonator  wall  absorption  is  added  as  a  Active  gas  component,  this  absorption  is 
significant  and  cannot  be  ignored  in  the  calculations.  The  error  in  the  gas  concentrations 
is  mainly  determined  by  the  error  in  the  absorption  coefficients.  The  computation  of  the 
gas  concentrations  can  suffer  from  numerical  instability.  If  there  are  two  compounds  with 
almost  equal  absorption  profile,  the  calculation  can  fail  because  a  singular  matrix  would 
be  inverted.  Therefore,  the  method  of  singular  value  decomposition  is  used  to  overcome 
this  problem. 


3.  RESULTS 

The  acetaldehyde  and  ethanol  emission  rate  from  a  single  pear  stored  under  anaerobic 
conditions  for  three  days  preceding  the  experiment  are  shown  in  Fig.  3.  Acetaldehyde  and 
ethanol  emission  decrease  rapidly  after  adding  10  %  of  CO2  at  t=  4  h.  The  elevated  levels 
of  CO2,  thus,  inhibit  the  fermentation  pathway^^.  Long  term  exposure  to  elevated  CO2 
levels  is  harmful  to  pear,  revealing  either  internal  browning  and  cavity  formation  or  only 
cavity  formation.  Ethane,  acetaldehyde  and  ethylene  emissions  have  been  determined 
from  pear  (Fig.  4),  immediately  after  storage  at  0.5  %  O2  and  3  %  CO2  for  a  period 
of  6  months.  From  the  start  of  the  experiment  pears  were  exposed  to  2%  O2  and  10 
%  CO2;  the  latter  to  exaggerate  the  effect  of  002-  The  degree  of  internal  damage  has 
been  inspected  after  the  experiment,  the  results  indicate  that  acetaldehyde,  ethane  and 
ethylene  levels  are  higher  for  pears  at  a  higher  degree  of  damage.  Further  research  will 
be  conducted  to  correlate  ethane  levels  acetaldehyde  emission. 
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ABSTRACT 

The  sensitisation  with  Yb^^  of  other  rare  earth  ions  emission  is  intensively  used  in  the  last  years  for  increasing  excitation 
efficiency  of  infrared  (diode  laser)  pumped  solid  state  lasers.  It  proved  as  a  good  sensitiser  for  Pi^^  emission  in  various 
matrices.  The  spectral  investigations  for  the  elucidation  of  the  nature  of  multisite  structure  of  Pr^^  in  YAG  and  of  the 
Yb^^  co-doping  on  Pi^^:  YAG  are  presented  in  this  paper.  In  Pr^^:  YAG  two  types  of  multisites  have  been  observed: 
perturbed  Pr^"^  sites  by  nonstoichiometric  defects  and  strongly  coupled  Pr^^  -  Pr^^  near  neighbour  pairs.  Pr^^  spectra  in 
Yb^^,  Pr^^:  YAG  show  new  lines  assigned  to  near  neighbour  Pr^^-  Yb^^  pairs  and  Pr^^-  Yb^^-Yb^^  triades. 


!•  INTRODUCTION 

In  the  last  years  the  intense  investigation  of  Pr^'^(4^)  spectral  properties  is  connected  with  the  possibilities  of 
laser  emission  of  this  ion:  directly  or  by  up-conversion.  It  has  several  metastable  multiplets  ^Po,i,25  ^^2,  ^G4  that  could 
present  laser  action  from  visible  to  infrared.  Up  conversion  laser  emission  from  single  doped  la^  or  co-doped  crystals 
has  been  also  obtained.  Among  the  co-dopants  Yb^^  plays  a  special  role.  The  sensitisation  of  rare  earth  emission  with 
Yb^^  is  intensively  used  in  the  last  years  for  increasing  excitation  efficiency  of  infrared  (laser  diode)  pumped  solid  state 
lasers  systems.  This  sensitisation  is  based  on  relatively  strong  i.r.  absorption  of  Yb^^  (900-1000  nm)  and  efficient 
migration  assisted  energy  transfer  processes  to  other  rare  earths  ions.  Among  these  an  important  class  is  that  of  the  up- 
conversion  systems:  the  energy  transfer  from  Yb^^  populates  a  metastable  level  of  the  rare  earth  ion  from  which  the 
excitation  could  be  unconverted  either  by  a  subsequent  energy  transfer  from  Yb^"^  or  by  absorption  from  an  external 
pump  radiation.  Another  up-conversion  could  result  from  a  cooperative  sensitisation  of  a  high  energy  level  of  the  active 
ion  by  two  nearest  neighbour  (n.n.)  Yb^^  ions.  All  these  up-conversion  processes  require  high  concentrations  of  Yb 
ions  and  back  transfer  processes  are  also  possible.  One  of  interesting  matrix  for  Pr^^  emission  is  yttrium  aluminium 
garnet  Y3AI5O12  (YAG)  single  crystal. 

In  order  to  elucidate  the  mechanisms  involved  in  these  processes,  high  resolution  spectral  measurements  on 
single  doped  and  Yb^^  co-doped  YAG  samples  are  necessary.  Co-doping  can  introduce  new  spectral  features 
connected  with  pairs,  triads,  etc.  of  dopant  ions.  Previous  spectral  or  up-conversion  studies  on  YAG.  Pr^^  have 
revealed  many  aspects  of  this  system'*^,  such  as  the  complex  problem  of  electronic  structure  due  to  large  electron  - 
phonon  interferences,  various  up  conversion  mechanisms,  the  multisite  structure,  etc.  The  multisite  structure  problem 
that  could  be  important  in  elucidation  of  luminescence  quenching  or  up-  conversion  mechanisms  has  been  not  definitely 
solved  for  YAG:  Pr  and  no  references  to  YAG:  Pr,  Yb  (to  our  knowledge)  are  given.  Blue  up-conversion  in  YAG:  Pr, 
Yb  has  been  recently  reported^. 

The  purpose  of  this  paper  is  twofold:  the  elucidation  of  the  nature  of  multisite  structure  of  Pr^^  in  YAG  and 
spectral  investigation  of  Yb^*^  co-doping  on  Pr^"^:  YAG.  The  results  of  this  comparative  study  of  the  high  resolution 
spectral  data  are  presented. 
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2.  EXPERIMENT 


In  order  to  investigate  these  problems,  YAG  crystals  single  doped  with  Pr^^  (with  concentrations  from  0. 1  to 
lat.  %)  and  Sat.  %)  as  well  as  double  doped  have  been  grown  by  Czochralski  method.  The  co-doped  samples 

contain  Yb'  from  5at.%  up  to  20  at.%  and  Pr^^  lat.  %.  Pr^^  (4f^)  being  a  large  ion  compared  with  Y^^  or  enters 
in  YAG^only  in  concentrations  up  to  lat  %  and  occupies  almost  exclusively  the  dodecahedral  c-  Y^^  sites,  while 
Yb  replace  preponderantly  Y^"  in  c  -  sites  and  can  be  incorporated  in  large  amounts,  but  part  of  it  can  replace 
also  A1  in  octahedral  a-sites^.  High  resolution  transmission  measurements  under  lamp  pumping  have  been  measured 
with  a  set-up  including  computer  controlled  GDM  monochromator,  S20  or  Si  photomultipliers  and  a  multichanell  MCS 
analyser.  Emission  data  were  obtained  with  an  argon  laser  pumping 


3.  HIGH  RESOLUTION  SPECTRAL  DATA  ON  Pr^:  YAG:  AND  Yb^:  YAG 


3a.  Absotption 

In  order  to  discuss  the  experimental  data,  schematic  energy  levels  diagrams  for  Pr^^  and  Yb^^  in  YAG  are  presented  in 
Fig.  1. 


The  excited  Yb^^,  level  ^F5/2  is  placed 
slightly  above  the  ‘G4  Pr^^  level  and  thus  a 
two  ion  transfer  from  Yb^^  to  Pr^^  could  take 
place  with  a  low  probability  for  a  reverse  Pr^^  ^ 
to  Yb^^  transfer.  At  the  same  time,  the  energy  o 
of  the  crystal  field  levels  of  ^Pi  and  \  Pr^"^ 
multiplets  is  twice  that  of  the  ^F5/2  Yb^^  level,  ^ 
making  a  three-ion  cooperative  sensitisation  of 
a  Pr^^  ion  by  two  Yb^^  ions  strongly  resonant. 
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I 


0 
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^^2 


Pr3+ 


The  Pr^  spectra  of  single  doped  YAG  contain  besides  the  main  lines  N  corresponding  to  c-sites,  a  series  of 
shifted  satellite  lines,  observed  in  many  transitions  (Fig.  2) 
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In  Fig.  2,  the  high  resolution  absorption  spectra  corresponding  to  ^H4(l)  ^Po(l)  transition  at  lOK  for  YAG:  Pr^^ 
samples  with  O.lat.%  and  ~  lat.%  are  presented  (1  denotes  the  first  Stark  level  of  the  multiplet).  Besides  the  main  Pr^^ 
line  N,  two  types  of  satellites  are  observed:  Pi  with  a  relative  intensity  to  N  independent  on  Pr^^  content  and  M  whose 
relative  intensity  grows  linearly  with  it  (Fig.  2).  This  additional  structure  is  observed  especially  around  zero  -  phonon 
lines,  corresponding  to  transitions  from  ground  Stark  levels  of  multiplets  and  should  be  separated  from  vibronic 
satellites  that  are  rather  intense  for  both  ions. 

The  satellite  structure  has  not  been  observed  in  the  Yb^^  absorption  spectrum  corresponding  to  ^P7/2(1)^^F  5/2 
transition  at  lOK.  This  could  be  connected  with  the  fact  that  our  samples  have  a  rather  large  Yb^^  content  ~  Sat.  %.(see 
the  discussion).  The  complex  Yb^^  spectral  characteristics  in  YAG,  analysed  in  terms  of  a  strong  electron-phonon 
coupling  with  the  crystal  and  of  the  resonant  splittings  is  presented  in  a  different  paper^.  A  new  energy  level  diagram  for 
Yb^^  in  YAG  is  proposed  and  the  mmn  spectral  features  are  consistently  assigned. 

The  co-doping  effects  on  the  spectra  of  Yb^^  and  Pr^^  ions  in  YAG  have  been  investigated  on  YAG  samples 
containing  Pr^'*^*-'  lat.  %  and  variable  Yb^"^  content  from  5  to  20at.  %.  The  changes  induced  by  co-doping  are  evident  in 
the  low  temperature  Pr^"^  as  well  as  Yb^"^  spectra.  These  spectra  can  be  separated  into  two  categories: 

(i)  At  low  Yb^"^  content  (  ~  5at.%),  the  lines  are  still  relatively  sharp  and  the  single  doped  Pr^"^  multisite 
structure  is  overlapping  with  new  satellite  lines,  as  shown  in  Pr^^  transmission  spectrum  (^H4(l)  ^Po(l)  transition)  of 
a  single  doped  and  a  co-doped  sample  (Fig.  4).  A  decreasing  of  Pjand  M  satellites  and  the  apparition  of  new  lines  closer 
to  N  is  evident.  At  least  three  new  lines  are  introduced  by  co-doping. 


Fig.  3  Transmission  spectra  of  Pr^^ 
(^H4(1)  ^Po(l)  transition)  in  single 
doped  YAG  -  dotted  curve  and  Yb^^  co¬ 
doped  YAG  -  continuous  line. 


E  (cm‘^) 

The  co-doping  effects  in  Yb^^  spectra  can  be  also  observed  in  the  low  temperature  spectra  of 
^¥7/2  (1)^^F5/2(1)  transition  ( Fig.  4  ).  At  least  three  satellites  are  induced  by  co-doping. 
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(ii)  In  the  co-doped  samples  with  higher  content  (10  to  20%),  Pi  or  M  lines  intensities  are  negligible, 
the  satellites  induced  by  co-doping  increase  in  intensities  and  new  features  are  apparent  At  these  concentrations  only 
the  most  shifted  satellites  from  Pr^ '  spectra  can  be  resolved.  Thus,  Fig.  5a  shows  the  ^Pj  Pr^^  absorption  spectra 
at  lOK  for  several  YAG:  Pr^^(~  1  at.  %),  Yb^^  samples.  The  most  shifted  satellites  induced  by  Yb^^  are  denoted  by  PY 
and  T.  A  similar  behaviour  is  clearly  observed  in  other  transitions  too,  such  as  in  ^H4^*D2  (Fig  5b). 


21030  21050  21070 

E(cm  ) 

E(cm’'') 

Fig.  5a  Satellite  structure  induced  in  Pr  spectra  Fig.  5b  Modifications  induced  by  Yb  co-doping  in 

(^H4  (1)->  ^Pi  (1))  by  Yb^"'  co-doping  in  YAG  Pr^^  absorption  spectra  observed  in  ^H4(l)  ->^D2  transition. 
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3b.  Emission  spectra 

The  emission  spectra  of  YAG:  excited  with  an  argon  laser  (458nm)  in  ‘ig  multiplet  present  at  77K  all  the 

satellite  lines  corresponding  to  ^Po(l)  ^H4(l)  excepting  M.  (Fig.  6a).  It  is  interesting  to  observe  that  all  the  satellites 
connected  with  co-doping  are  missing  under  this  pumping  too,  as  shown  in  Fig  6b,  where  the  emission  spectra  of 
Pr^^  in  YAG  Pr  (lat.%),  Yb(10at.  %)  is  presented. 


Fig.  6  a  Emission  spectra  of  Pr^^(  ^Po  (1)->^H4  (1)) 
in  single  doped  YAG. 


Fig.  6b  Emission  spectra  of  Pr^^(^Po(l)->^H4  (1)) 
in  Yb  co-doped  YAG. 


4.  DISCUSSION 


4.a  Multisite  structure  of  Pr^ :  YAG 

the  low  temperature  absorption  spectra  on  Pr^^:  YAG  samples  present  a  clear  five  lines  structure  in 
^Po(l)  transition.  The  shifts  of  the  satellite  lines  are  of  -7,  +5,  +8,  +1 1  relatively  to  the  main  line  N.  This  structure  is  not 
so  clear  in  other  transitions  due  to  overlapping  effects  with  multisite  structure  of  other  N  lines;  such  is  the  case  of 
transitions  to  ^D2  (where  two  lowest  multiplets  are  separates  with  ~  9cm‘*  as  given  in  ref  or  to  ^Pi  (that  overlaps 
with  multiplets*"^.  The  previous  studies*^  on  multisite  structure  of  Pr^^  in  YAG  did  not  give  definite  assignments 
for  multisites.  This  could  be  connected  with  difficulties  to  separate  the  structure  in  the  ^H4(l)  <=>*D2(1,2)  transitions. 

Based  on  spectral  data  on  various  Pr^^  concentrations,  structural  data  and  previous  studies  on  other  rare  earths 
ions  (see  for  example^'**)  including  Pr^^:  GGG*^,  the  main  observed  lines  are  assigned  to;  N  -  unperturbed  Pr^^(c) 
centers.  Pi  -  perturbed  Pr^^(c)-Y^^(a)  "pairs"  and  M  -  Pr^^(c)-Pr^^(c)  pairs.  Pj  lines,  of  almost  equal  intensity  are 
associated  with  a  nonstoichiometric  defect,  Y^^  in  octahedral  a-  sites.  The  crystal  field  perturbation  produced  by  this 
defect  Y^^(a)  at  Pr^^  c-site  is  anisotropic,  one  defect  leading  to  three  lines.  The  relative  intensity  of  Pj/N+EPiis  of  ~  2- 
3%,  as  measured  from  the  spectra  of  other  rare  earth  ions  in  YAG  and  is  characteristic  to  high  temperature  grown 
crystals^.  Besides  M  line,  another  shoulder  at  about  -0.5cm‘*  fi*om  N  presents  an  increasing  with  Pr^"^  concentration, 
and  could  be  assigned  to  Pr-  Pr  pairs  from  the  second  coordination  sphere.  The  absence  of  Mi  line  fi-om  the  emission 
spectrum  suggests  a  strong  quenching,  the  interaction  could  be  of  superexchange  type  as  in  case  of  Nd. 
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4b.  Multisite  structure  of  Yb^:  YAG 

In  the  case  of  single  doped  Yb^^:  YAG  samples,  no  multisite  structure  was  observed.  This  can  be  determined 
by  the  concentration  effect  (the  lowest  concentration  used  is  --  5at  %)  Yb^^  has  a  smaller  ionic  radius  than  :  0.81  A 
versus  0  .97A.  Thus,  since  Yb^^  can  enter  in  octahedral  sites  too,  it  can  force  out  rK)nstoichiometric  excess  of  This 
is  experimentally  proved  in  double  doped  samples.  The  co-doping  of  RE:  garnets  with  Cr^^,  Sc^^  remove  the  Pi 
satellites  f  due  to  Y(a)  defects^,  but  they  can  induce  new  satellites  that  depend  on  that  depend  on  the  ionic  difference 
compared  with  that  of  Al^^(a)  and  linewidth  For  small  perturbations  and  large  linewidths,  these  satellites  could  be 
unresolved;  this  can  explain  the  absence  of  Pi  Yb^^  satellites  in  Yb(5at  %)  YAG.  On  the  other  hand  due  to  the 
closeness  of  Yb^^  (0.98  A)  and  Y^^(1.02  A),  shifted  pair  Yb^^(c)  -  Yb^"(c)  lines  are  unlikely  to  be  observed  since  two 
Yb^^  ions  in  nearest  dodecahedral  lattice  sites  are  not  expected  to  produce  mutual  crystal  field  perturbations  leading  to 
resolved  satellites. 

4c.  Multisite  structure  of  Pr^,  Yb^:  YAG 

The  Pr^^  spectra  in  co-doped  samples  present  a  very  complex  Yb^^  concentration  -  dependent  multisite 
structure.  The  analysis  of  the  Pr^^  spectra  for  low  Yb^^  content  (  Yb  5at  .%),  shows  that  Yb^^  co  -  doping  introduces 
new  satellites  with  rather  small  shifts  from  the  main  line  -2.4,  +1.2,  +4  cm'^  in  (1)^  ^Po(l)  transition.  It  is 
interesting  that  similar  shifts  -3.6,  -2,  +2.7  cm’^  are  observed  in  the  Yb^^  spectrum  (Fig.  6).  It  is  tempting  to  assign 
these  lines  to  Pr  (c)  -Yb  (c)  -  PYj  pairs  from  different  coorcfination  spheres,  the  most  shifted  is  most  likely  connected 
with  nearest  neighbour  pairs  at  3.7 A.  This  shift  depends,  however,  on  the  transition,  being  as  large  as  10cm‘*  in  -+ 
'Pi 

As  the  Yb^^  concentration  increases,  some  of  the  Pr^^  satellites  decrease  in  intensity  (P*  and  M)  and,  due  to 
broadening,  only  the  most  shifted  of  the  new  satellites  (PYj)  are  observed.  This  is  illustrated  in  Fig  6  for  ^H4  (1)-+  ^Pi 
(1)  Pr^^  transition.  The  disappearance  of  Pi  satellites  in  presence  of  Yb^^  could  be  explained  by  the  rejection  of  Y^^  ions 
from  octahedral  sites  by  Yb^^  as  discussed  above  Also,  since  Pr^^  ion  (ionic  radius  1.  mA  )  is  much  larger  than  Y^^  or 
Yb^^’  the  presence  of  the  last  one  could  prevent  the  formation  of  n.  n.  Pr^^  pairs  in  Pr,  Yb:  YAG  by  a  dimensional 
correlation  of  placement  in  the  lattice  sites;  this  could  explain  the  disappearance  of  the  pair  Mi  satellite  of  Pr^""  in  the 
co-doped  samples.  On  the  other  hand,  in  the  presence  of  large  concentrations  of  Yb^^,  the  probability  of  having 
"isolated"  n.n.  Pr  -  Pr  pairs  is  strongly  reduced  since  complex  ensembles  involving  also  near  Yb  ions  could  be  formed 
This  induces  a  distribution  of  a  large  variety  of  Pr  -Pr  pair  based  satellites  which  could  replace  the  original  Mi  satellites 
by  broad  or  poorly  resolved  and  less  intense  structures.  The  analysis  of  the  relative  intensities  of  satellites  PYj  allows  us 
to  assign  some  of  these  lines  to  near  neighbour  heterogeneous  pairs  Pr^^(c)-Yb^^(c)  -  PY,  or  triads  Pi^^(c)-Yb^^(c)  - 
Yb^^(c)  -  T  from  the  first  coordination  sphere  (at  3. 7  A).  The  distortion  of  the  crystal  field  at  the  Pr^^  site  by  one  or  two 
Yb^"^  ions  in  the  first  coordination  sphere  leads  to  fturly  large  shifted  satellites  (up  to  lOcm'^  for  pairs  and  up  to  20cm'^ 
for  triads,  depending  on  transition). 

In  Table  1  the  satellite  positions  relative  to  main  line  N  (20533  cm’*)  in  the  Pr^^ 

^H4(1)">  ^Po(l)  transition  are  presented. 


P. 

PY, 

N 

PY2 

PY, 

p? 

T 

M 

p-i 

YAG:  Pr 

-7 

- 

0 

5 

- 

8 

11 

YAG:  Pr,  Yb 

- 

-2.4 

0 

1.2 

4 

- 

6.7 

- 

- 

The  co-doping  weakens  the  Pj  (Pr^^(c)-Y^^(a))  satellites,  since  Yb^^  can  reject  Y^^  from  anomalous  octahedral 
sites^.  The  effect  of  co-  doping  on  Pr^^  -  Pr^""  pairs  (lines  M)  is  not  so  clear  due  to  overlapping  effects. 

The  emission  data  show  a  low  efficiency  for  Pr^^  -  Yb^*  pairs  or  triads.  The  importance  of  these  new  sites  in 
relation  with  ^Po  up-conversion  emission  in  these  systems  shall  be  analysed  in  a  subsequent  paper. 
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ABSTRACT 


This  paper  presents  a  theoretical  treatment  of  electron  -  phonon  interaction  problem  in  the  case  of  quasi 
resonant  interaction  for  rare  earths  ions  in  laser  crystals  Expressions  for  the  absorption  or  emission  lineshapes 
(asymmetries  or  splittings  of  zero-phonon  lines)  are  obtained  The  theory  is  applied  to  explain  some  spectral  features  of 
Yb^^  transitions  in  YAG  ;  it  allows  also  the  estimation  of  the  vibronic  coupling  strengths,  phonon  energies  and  the 
’’unspliC  electronic  levels.  A  new  electronic  energy  level  scheme  of  Yb^^  in  YAG  is  proposed 


1.  INTRODUCTION 

The  most  investigated  effects  of  the  electron  -  phonon  interaction  in  case  of  the  rare  earth  (RE)  ions  in  crystals 
are:  the  multiphonon  relaxation,  vibronic  side  bands,  temperature  line  broadening  or  phonon  assistance  of  non-resonant 
energy  transfer.  Since  the  Stark  splittings  of  the  RE  ions  are  of  the  order  of  lattice  phonons,  other  effects  connected 
mainly  with  near  resonance  processes  could  appear  If  the  distance  between  two  Stark  levels  is  in  near  resonance  with 
peaks  in  the  phonon  spectrum,  the  electron  -  phonon  interaction  creates  mixed  vibronic  states,  determining 
modifications  of  the  optical  spectral  lines  (broadening,  asymmetries,  splittings  or  shifts)’  ’^.  In  some  cases,  the  vibronic 
transitions  and  the  resonance  effects  are  so  strong  that  the  assignment  of  the  electronic  levels  is  ambiguous.  To  have 
intense  resonant  effects  one  needs:  rather  strong  electron  -  phonon  coupling  and  sharp  peaks  in  phonon  density  in  the 
resonance  region.  This  explains  why  the  experimental  reported  data  on  resonance  effects  in  ionic  compounds  refers 
especially  to  Yb^^  (4f^^)  ref  ,  Tm^^  (4f^^)  ref^  or  Tm^^  (4f^^)  ref  (4f®)  ref^''^  or  Ce^^  (4f)  ref^  ions;  i.e.  RE 

ions  at  the  beginning  and  the  end  of  lanthanide  series  that  present  rather  strong  electron  -  phonon  interaction^ 

This  paper  presents  a  theoretical  treatment  of  the  near  resonant  effects  for  RE  ions  in  the  case  of 
nondegenerate  Stark  levels  As  an  illustration,  the  analysis  of  Yb^"  spectra  in  YAG  (Y3Al50n)  is  presented  YAG 
crystal  is  known  as  having  sharp  peaks  in  the  phonon  density''"'^.  These  investigations  are  important  from  fundamental 
point  of  view  and  also  since  this  ion  is  intensively  used  as  laser  activator  or  sensitizer. 


2  THEORY 

The  problem  is  to  obtidn  the  lineshape  function  for  the  absorption  or  emission  of  light  of  frequency  Q 
between  two  states  of  the  electron  -  phonon  system  in  the  near  resonant  conditions  The  total  Hamiltonian  Hi  +  He 
V  contains  the  electronic  Hamiltonian  He,  the  vibration  Hamiltonian  Hi  and  the  electron  -  phonon  interaction 
Hamiltonian  V.  The  Hamiltonian  of  interaction  may  be  written  in  the  first  order  as 

k 

Here  ^  =  (^,JJ.)  denotes  the  phonons,  k  being  the  phonon  impulse  and  fX  its  vibration  branch;  denote  the 

annihilation  and  creation  operators  and  v^.  the  electronic  operators 
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If  1 5)  and  I  /?)  are  the  eigenfunctions  of  the  total  Hamiltonian  Hi  He  +  V  and  |  s)  is  the  initial  state, 
one  can  write  the  lineshape  function  for  the  absorption  of  light  of  frequency  Q  as: 

F(Q)  =  X|(;.l^/l5)f5(Q-0,,);  (2) 

P 

where  and  d  is  the  electronic  transition  operator  . 

Using  the  formula; 


S(Q-npJ  =  —Re  jexpfifCip^ -Q.)t-yt]dt 
^  0 

where  y  is  the  intrinsic  linewidth,  the  lineshape  function  becomes: 


(3) 


*  -KO 

F(Q)  =  —  Re  J  /(/)exp(-iQ/  - 

ft 


(4) 


with 


/(o=Z{s 


Written  d  6  *s)  and  with  notation  d( t)  =  C^^d  B 

p 

formula  (5)  leads  to: 


\d^\p)e  (5) 


I{t)={s\d*d(tj[s)  (6) 

The  unit  operator  may  be  written  as  a  sum  over  the  eigenfunctions  of  the  unperturbed  Hamitltonian  Ho  =Hi+He 

(7) 

where  r  denotes  the  electronic  states  and  the  occupation  number  of  the  phonon  t 

If  we  assume  that  the  initial  level  is  unperturbed  by  the  electron  -  phonon  interaction,  the  initial  state  1 5)  is  the 

eigenfunction  of  Ho  ^Hi+He  and  may  be  written  as  j  •  •  •)  j  where  i  is  the  initial  electronic  state  and  nk  is  the 

occupation  number  of  phonon  k 

In  the  interaction  representation  one  has, 

exp(///if)  =  exp(///oO^(0  (8) 
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where  f/(^)  is  the  evolution  operator,  given  by 


and 

V(t)  =  exp{/f/oO^  expi-iffoO', 

Replacing  (8)  into  (6),  it  follows  that 

w= 

f.p(»k') 

Since  the  electronic  operator  acts  only  on  the  electronic  part,  one  can  write 

/ 


‘U(t)  d  U^t )e 


(9) 


(10) 


(H) 


(12) 


Since  we  have  assumed  that  the  initial  state  does  not  interact  with  the  other  states,  and  using  that  U’=U'  it 
follows  that 

(13) 

Thus,  using  (7),  one  has 

/.'• 


Among  the  terms  the  greatest  are  the  diagonal  ones,  and  thus 

which  introduced  in  (14)  and  (4)  yields  to  the  following  form  of  the  lineshape  fiinction: 

Fin)  =  ^X|(/M/>|'  Re  Jexp[/(£^  -  £.  -Q)(-yt]{f  ;...«,...|(/(0| (16) 
^  /  0 

Denoting  =  (/i  •  •  •  Wjt  •  •  •  /i  •  •  •  •  •  •)  \^s\ng  the  Laplace  transformation 
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•rw 


one  reaches  a  simpler  relation: 


H(i)  =  -2;i('M/>r  ReW/(p);  p  =  i(Q+a,,)+r 


Since  U(t)  fulfils  the  equation 


2/  /i 


(/(/)  =  1  -  ^  I  Vit, )  +  [yj  I  dt,  j  dt,V{t,  )V{t,  mt,  ) ; 


one  can  see  that 


a2/  /, 


0  0 

Using  the  approximation  (15)  one  has: 

The  first  term  of  the  integral  may  be  easily  evaluated  using  (7),  and  using  again  (1)  and  (10)  it  becomes: 

=  j;|(/|v,|r)|"{(«^  +l)exp[/(A^,  -(0,)(t,  -f^)] 

r,k 

+  exp[/( A +  CO  ^  X^,  -  ^2 )]} 

Differentiating  (21)  and  replacing  (22)  one  reaches  the  following  equation: 

^  |(/ K k)r  +  of  dt^  exp[/(A Xt  -ti)W/0i)  + 

^  r,k  Q 

t 

+  n  J  dt^  exp[/( A ,,,  +  o  *  X^i  -  ^2  )} 


Applying  the  Laplace  transformation,  one  has 
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pUf  (p)  - 1 = — Y  X  i(/ 1”*  I  '‘)r  {(”*  — + M*  — ^  — I 

y  fyy>  ;,2  ^iv  i  *i /i  |v  *  +  *  p  +  /(A^^ +«>^)J 


which  has  the  solution 


^/(p)=W^II(/Kk; 


«*+l  .+.  "* 


_P  +  '(A/., -<»it)  p  +  /(A^, +©,) 
Using  (25)  we  can  write  the  final  form  of  the  lineshape  fiinction  (18); 


FiO)  =  ^'ZlWt  f— - "  — i-. 


[fi-Q,,-Z^(Q)]  +[Y  +  r^(Q)] 

Neglecting  the  intrinsic  linewith  y,  one  can  write; 

r/(0)  =  ^^|(/|vj,|r)p[(«,  +l)8(D-fi^,  -<a)  +  n,  5(0-0^,  +A^,  +<»)] 


(24) 


(25) 


(26) 


(27) 


r,k 


n,  +1 


n-n^,  +A^^  -©*.  Q-Q^,  +A^,  +C0,.  J 


(28) 


If  one  transforms  the  sums  into  integrals  and  averages  the  elements  of  the  interaction  matrix  over  the  phonons 
having  the  same  frequency,  one  obtains: 


OD 

r(0)=^^J 4(®)P(®){[K®)+ll8(^^-Oy,  -a))+«(o))  5(0-0^^  +(0)}dh}  (29) 


"  r  0 

where  p(a))  denotes  the  phonon  density  of  states  and  Aj^{(o)  represent  the  matrix  element  of  electron  -  phonon 
interaction  averaged  over  the  phonons  of  frequency  (0  . 

According  to  (26),  r(Q)  represents  the  broadening  of  the  lineshape  and  ]S(Q)  the  shift  The  splitting  is 
given  by  the  equation 

-Z^(Q)  =  0  (31) 

If  the  resonance  involves  only  one  phonon  o>o  (Fig  1) 


w(co)  +  1 


m(0)) 


Q  -  -  © 


0  —  0^,  +  +  © 


W©  (30) 
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Fig.  1  A  schematic  model  for  near  resonant 
^  if  effects;  ok  ■ 


and  the  density  of  phonons  around  this  peak  can  be  taken  as 

p  (o))=ad(o)-a)^)+p'[a)j 

with  a  small  deviation  p'{(o)  from  a  <? function;  for  p'{o))  negligible  one  have 


(32) 


^(Q)  =  B 


n(o}o)  +  l 


n((oJ 


-fiJo  +t»o  J 

At  low  temperatures,  T=0  *’K,  it  becomes: 

Y.(a)  = - - - 

Cl-O-f  j  +^f,r  -®0 

Replacing  (34)  into  (3 1)  we  obtain  the  equation  for  low  temperatures: 

B 


where  B  = 


a*A(o)J 


(33) 


(34) 


Q'-A 


f,r 


Q'-Or 


=  0, 


(35) 


with  Q'  =  Q  —  j ;  i.e.  the  energy  is  measured  from  the  intermediate  level  r.  The  equation  (35)  has  the  solutions: 

±i[(A^,-(D.y+4S]i  (36) 


A,-+cOo  l| 

- ^±- 

u  2  21 


If  the  linewidths  of  the  two  split  components  are  equal,  the  ratio  of  the  intensities  of  the  two  peaks  fulfil  the 


relation: 
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A  _  ^2-^f,r 


(37) 


From  experimental  data  can  estimate  and  B .  The  quasiresonant  problem  in  the 

case  of  more  phonons  is  easily  extended  One  can  consider  different  shapes  of  the  phonon  spectrum  near  the  resonant 
frequency.  It  could  be  taken  for  example  as  a  Lorenz  function^.  From  (29)  and  (30)  the  temperature  dependencies  of 
zero  “  phonon  linewidth  and  shifts  can  be  also  determined. 


3.  RESULTS 

These  results  are  used  to  solve  the  problem  of  Yb^^  energy  levels  in  YAG.  The  absorption  spectra  of  Yb^^  in 
YAG  at  various  temperatures  have  been  measured  with  a  high  resolution  system  Since  Yb^^  (4f*'^)  replace  in  YAG  Y^^ 
dodecahedral  sites  of  D2  local  symmetry,  the  two  multiplets  ^F7/2  ground  and  ^F5/2  excited,  are  split  in  4  and  Stark 
doublets  3,  respectively. 

In  Fig.  2  the  absorption  spectrum  at  lOK  ,  corresponding  to  ^Fy.^  ^Fs/y  transitions  of  Yb^^  (Sat.  %)  in  YAG  is 
presented.  It  should  contain  only  three  zero  phonon  lines  corresponding  to  Yb^^  allowed  transitions  ^F7/2(l)  ->^F5/2  in 
D2from  the  ground  Stark  component 


Fig.  2 


To  explain  the  spectra  we  propose  the  following  model:  B  and  C  lines  are  the  resonantly  split  components  of 
the  second  Stark  level  E2  of  the  excited  Yb^^  multiplet  ^F5/2,  while  C  and  C"  lines  correspond  to  the  splitting  of  the 
third  Stark  level  £j.  If  B  and  C  are  resonant  splitted  components,  the  fitting  with  relation  (37)  gives  the  position  of 
unsplit  electronic  level /  i.e.  ~  323  cm"*  10650  cm'*  ),  near  resonant  phonon  energy  cD]  ~  327  cm"*  and  the 

interaction  parameter  26  cm"*.  One  should  mention  that  the  phonon  density  in  YAG  has  a  sharp  and  intense  peak 
at  (0}  ~  327cm"*  as  observed  in  sidebands*^  *^  of  other  ions.  The  other  peaks  around  B  or  C  are  vibronics  that  present  an 
increasing  in  intensity,  though  their  position  relatively  to  A  (in  the  limit  of  experimental  errors  of  previously  published 
data)  are  unshifted  If  C  and  C”  lines  are  considered  as  resonantly  splitted,  relation  (37)  gives  596cm‘*  (E3  -- 
10921cm’*),  0)2  ^  603cm‘*  (in  very  good  agreement  with  a  sharp  phonon  peak  in  YAG**"*^)  and  13cm"*.  This 
model  gives  a  new  electronic  energy  level  scheme  for  ^F5/2  multiplet  of  Yb^"^  in  YAG:  10327,  10650  and  10921cm"*. 
The  proposed  energy  level  diagram  for  Yb^^  in  YAG  is  different  fi^m  the  previous  assignments*^^^. 
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4.  CONCLUSIONS 


The  necessity  to  take  into  account  the  near  resonant  electron  -  phonon  interaction  in  the  analysis  of  the  optical 
spectra  of  rare  earth  ions  in  inorganic  compounds  has  been  remarked  by  several  authors*'^®.  It  manifests  by  electronic 
line  splittings  or  shifts,  as  well  as  thermal  effects  (shifts  or  broadenings).  For  some  ions,  the  electron  -phonon  coupling 
determine  so  large  interferences  of  the  pure  electronic  levels  with  vibronic  ones  that  the  elucidation  of  electronic 
structure  is  still  a  problem.  These  effects  depend  strongly  on  the  resonance  between  Stark  levels  and  peaks  in  the 
density  of  phonons  near  the  resonance  and  electron  -  phonon  coupling.  This  last  condition  makes  the  effects  more 
efficient  for  ions  at  the  beginning  or  the  end  of  lanthanide  series. 

Analytical  expressions  for  splitting  of  an  electronic  level  in  resonance  with  a  vibronic  level  describe  well  the 
experimental  data  of  Yb^^  in  YAG.  It  is  shown  that  the  same  near  resonant  coupling  of  the  &st  two  Stark  levels  of  ^F5/2 
multiplet  with  a  phonon  of  w-  327cm"^  is  responsible  for  the  splitting  of  the  second  Stark  level.  The  explanation  of 
such  large  electron  -  phonon  effects  for  Yb^"^  is  connected  with  the  ion  configuration  (rather  large  electron  -  phonon 
shifts  -  up  to  35cm'^  have  been  recently  estimated^®  for  Tm^^(4f^^)  electronic  levels  in  CaF2  or  SrFi)  and  the  sharp 
vibration  peaks  in  YAG  that  could  be  associated  with  motion  inside  or  outside  AlO^^  tetrahedral  group^^  ^"^. 

Improvements  in  the  crystal  field  parametric  calculations  are  meaningless  in  such  cases  since  the  shifts  induced 
by  electron  -  phonon  coupling  could  exceed  the  accuracy  of  calculations  and  should  be  taken  into  account  as  outlined 
recently*^’ 
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Abstract 

Photoacoustic  studies  of  the  vapours  of  the  essential  oils  of  thyme,  mint  and  anise  have  been  made  using  a  line-tunable 
waveguide  CO2  laser  in  conjunction  with  a  heat-pipe  type  of  photoacoustic  vapour  sample  cell  operated  over  the 
temperature  range  20-180'' C.  Identifying  spectral  fingerprint  features  are  found  in  die  9-10  pm  spectral  region  for  each 
of  the  three  essential  oils  mvestigated.  The  principal  features  of  the  photoacoustic  spectrum  of  each  essential  oil  are 
associated  with  the  dominant  chemicals  present  i.e.  thymol  in  thyme  oil,  menthol  in  mint  and  anethole  in  anise. 

Keywords:  laser  photoacoustics,  essential  oils,  mint  oil,  thyme  oil,  anise  oil. 


1.  INTRODUCTION 

Essential  oils  constitute  the  most  important  oderous  substances  found  in  plants.  Their  volatility  makes  them  steam 
distillable  from  those  parts  of  plants  where  they  are  produced.  They  find  wide  commercial  applications  in  the  production 
of  perfumes,  cosmetics,  food  and  beverage  flavourings,  aromatherapy,  pharmaceuticals,  insecticides  and  pesticides  and  so 
are  of  substantial  economic  value. 

The  essential  oils  contain  many  chemical  substances,  with  as  many  as  100  or  more  components.  Frequently,  the 
chemical  composition  of  an  essential  oil  is  dominated  by  a  single  major  component,  which  gives  it  its  characteristic  odour. 
Since  plants,  from  which  essential  oils  are  derived,  grow  under  different  conditions  of  climate,  rainfall  and  hours  of 
sunshine,  the  percentage  composition  of  a  given  chemical  compound  can  vary  greatly,  even  from  the  same  plant  species. 
Analysis  of  the  chemical  composition  usually  makes  use  of  chromatographic  methods,  combined  with  mass  spectroscopy 
and  infrared  spectroscopy. 

With  the  wider  application  of  laser  photoacoustic  spectroscopy,  the  possibility  arises  of  the  sensitive  monitoring  of 
essential  oil  vapour  emissions  from  living  plants.  This  could  provide  a  means  whereby  the  potential  essential  oil  yield  could 
be  assessed  prior  to  harvesting.  The  basic  requirement  is  a  sufficiently  large  vapour  pressure  and  an  infrared  absorption 
spectrum  distinctive  of  the  particular  essential  oil,  or  major  component  of  it,  which  falls  within  the  range  of  wavelengths 
covered  by  the  laser  used.  In  this  paper,  a  preliminary  study  is  made  of  the  essential  oil  vapours  of  thyme,  mint  and  anise, 
using  a  line- tunable  CO2  laser  in  conjunction  with  a  temperature- variable  heat-pipe  type  of  photoacoustic  cell. 


2.  EXPERIMENTAL  SYSTEM 

A  line- tunable  waveguide  CO2  laser  is  used  to  excite  a  heat-pipe  type  of  photoacoustic  cell,  the  temperature  of  which 
can  be  varied  over  the  range  5  to  180''  C.  Nitrogen  was  used  as  the  carrier  gas  of  the  essential  oil  vapour. 

The  experimental  set-up  uses  the  CO2  laser  to  provide  highly  directional  and  line- tunable  radiation  (9.2  -  10.8  ^im) 
which  passes  into  a  photoacoustic  heat-pipe  type  of  cell’  which  contains  die  essential  oil  vapour  to  be  studied.  The  laser 
beam  is  periodically  interrupted  by  means  of  a  rotary  chopper  (Bentham:  Type  218F).  A  lock-in  amplifier  (Stanford 
Research  Systems:  Type  SR510)  is  used  for  signal  detection,  with  the  reference  signal  obtained  from  the  chopper  control 
unit.  The  photoacoustic  signal  is  normalised  with  respect  to  laser  power  by  division  of  the  photoacoustic  signal  by  the 
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laser  power  measured  by  an  Ophir  Model  30A-HP  laser  power  meter.  The  photoacoustic  cell  may  be  operated  non- 
resonantly  at  33Hz  or  at  a  longitudinal  resonance  frequency  of  550  Hz.  The  CO2  laser  beam  chopper  blade  is  coated  with 
evaporated  gold  on  the  laser  side.  When  die  chopper  blade  is  set  at  an  appropriate  angle  to  the  laser  beam  axis,  the  mean 
laser  power  can  be  monitored  via  a  single  reflection  without  any  attenuation  of  laser  power  entering  the  photoacoustic  cell. 
The  laser  power  transmitted  through  the  photoacousdc  cell  serves  to  operate  a  CO2  laser  spectrum  analyser  by  which  each 
of  the  CO2  ro-vib.  laser  lines  can  be  identified.  The  microphone  used  was  of  the  sub-miniature  type  (Knowles,  Type  BT 
1754). 

The  CO2  wavegmde  laser  used  was  built  in-house.  The  optical  waveguide  was  made  of  quartz  with  an  internal  diameter 
2.6  mm  and  a  plasma  discharge  length  of  45  cm.  The  laser  tube  was  cooled  by  circulating  water  containing  antifreeze  via 
a  chiller  unit,  in  a  closed  loop.  CO2  laser  line  selection  was  achieved  by  the  use  of  a  rotatable  diffraction  grating  with  150 
lines/mm,  blazed  at  10.6  |jim.  The  CO2  laser  output  coupling  mirror  was  an  80%  reflecting  germanium  mirror,  widi  an 
antireflection  coating  on  the  laser  beam  exit  side.  A  power  output  up  to  4  watts  was  obtained  on  die  strongest  lines.  Laser 
oscillation  was  obtained  on  about  46  ro-vib  lines  using  all  4  branches  of  the  CO2  laser. 

The  heat-pipe  photoacousdc  cell  is  illustrated  in  Fig.  1.  The  central  region  of  the  cell  is  heated  electrically  by  using 
a  resistance  wire  heater  wound  around  a  pyrex  tube  and  the  whole  wrapped  around  with  thermal  insultadng  tape.  A  final 
layer  of  aluminium  foil  is  added  to  assist  in  the  even  distribution  of  heat.  The  cell  temperature  can  be  varied  between  room 
temperature  and  180°  C  and  is  measured  by  thermocouples  in  contact  with  the  pyrex  tube.  The  microphone  is  isolated  from 
the  region  containing  hot  vapour  by  placing  it  beyond  one  of  the  pair  of  cooling  jackets.  In  operadon,  a  liquid  sample  of 
the  essendal  oil  to  be  studied  is  introduced  into  die  centre  of  the  pyrex  cell  tube,  which  is  then  heated  to  produce  a  vapour 
of  die  volatile  chemical  components.  As  the  cell  is  heated,  the  vapour  flows  outwards  from  the  centre  towards  the  two 
water-cooled  condensing  regions.  Condensation  of  the  vapour  to  the  liquid  occurs  at  the  position  of  the  water  jackets.  The 
liquid  is  returned  via  capillary  acdon  to  the  centre  of  the  heat  pipe  cell  by  means  of  a  bundle  of  wires  which  lie  along  the 
bottom  of  the  pyrex  tube  and  act  as  a  metal  wick.  The  vapour/liquid  cycle  can  be  maintained  indefinitely 
without  condensadon  of  the  oil  vapour  in  the  microphone,  which  would  impair  its  sensitivity.  The  wick  consists  of  a 
bundle  of  25  nickel-chromium  wires  each  0.2  mm  diameter,  with  a  long  pitch  twist  to  keep  them  together.  The  wick 
extends  the  full  distance  of  25  cm  between  the  two  water  jacketed  cooling  regions.  The  pair  of  zinc  selenide  Brewster 
angle  windows  which  allow  the  laser  beam  in  and  out  of  the  cell  are  isolated  from  the  photoacousdc  cell  tube  by  means 
of  buffer  volumes  as  shown  in  Fig.  1. 


Nitrogen  buffer  gas  in  To  vacuum  pump 


Fig.  1.  Sketch  of  the  heat-pipe  photoacoustic  cell. 


3.  PHOTOACOUSTIC  SPECTRA 

3.1  Thyme 

The  origin,  chemical  composition  and  importance  of  fhe  essential  oil  of  thyme  are  presented  in  Table  1.  The  major 
component  is  thymol  which  has  an  appreciable  vapour  pressure  at  room  temperature.  The  infrared  spectrum  of  thymol 
vapour  lies,  in  part,  within  Ae  spectral  range  of  the  CO2  laser.  The  principal  peaks  lie  at  1088  cm'^’  1060  cm  *,  and  945 
cm  *  and  a  further  weak  peak  occurs  at  1002  cm  *.  The  FTIR  room  temperature  spectrum  of  liquid  thyme  oiLderived  from 
Thymus  vulgaris  L.  (thyme  red)  shows  strong  peaks  at  1088  cm  *,  1060  cm  *,  and  944  cm  *.  These  peaks  correspond  to  die 
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spectrum  of  thymol.  However,  thyme  red  shows  additional  but  weaker  peaks  at  1018  cm‘‘  and  995  cm  *  which  are 

attributed  to  carvacrol,  (spectral  peak  at  996  cm*')  and  other  chemical  components. 

Table  1:  Origin,  chemical  composition  and  importance  of  thyme  essential  oiP. 

Origin:  Plant  family  Lamiaceae\  350  known  species;  grown  in  Europe,  East  Africa  and  countries  surrounding 

the  Mediterranean.  Common  examples:  Thymus  vulgaris  L.  (thyme  red)  and  Thymus  serpyllum  L. 
(thyme  wild). 

Extraction  Steam  distillation  from  flowering  plant. 

Chemical 

composition  (e.g.  thymus  vulgaris  L.) 

Major  component:  thymol  (47  -  86%);  CioH,40 

Other  components:  carvaaol  bomyl  acetate 

p-cymene  a-terpmene 

a-pinene  Y-terpinene 

linal  ool  P  -caryophyl  lene 

bomeol 

Importance:  pharmaceuticals:  oral  hygiene  and  dentistry;  (antimicrobial  properties) 

perfumery,  cosmetics 

culinary  spice;  natural  food  preservative;  antioxidant 
insecticides 


MW  BP  ("O 

150.2  232 


The  photoacoustic  stick  spectrum  of  the  vapour  of  thyme  essential  oil  {Thymus  vulgaris  L.)  within  the  tuning  range  of 


30  (P)  10  10  (R)  30  30  (P)  10 10  (R)  30 

(10pm)  COj  laser  lines  (9pm) 


Fig.  2  Room  temperature  photoacoustic  spectrum  of  the  vapour 
of  thyme  essential  oil  from  Thymus  vulgaris  L.  using  the 
four  branches  of  the  COj  laser.  Buffer  gas:  nitrogen  at 
one  atmosphere  pressure. 


branches  of  the  CO2  laser  is  shown  m  Fig.  2.  At  20°  C  the 
lOP  branch  shows  a  large  amplitude  photoacoustic  signal, 
with  an  amplitude  peak  at  the  wavelength  of  the  10P20  CO2 
line  (944cm*').  The  lOR  branch  is  somewhat  weaker  and 
shows  a  broad  mid-branch  dip  which  persists  at  higher 
temperatures  (eg  80°  C),  with  a  small  shift  to  longer 
wavelengths.  The  partial  spectrum  of  the  9P  branch  is 
particularly  strong.  A  weak  photoacoustic  peak  is  found 
unexpectedly  within  this  branch  at  the  wavelength  of  the 
9P24  CO2  laser  line  at  1043  cm  '  which  shifts  to  shorter 
wavelengths  as  the  temperature  of  the  essential  oil  is  raised. 
The  9R  branch,  which  is  also  quite  strong,  falls  in 
magnitude  as  the  wavelength  gets  shorter,  wheareas  a  dip  is 
expected  from  the  FTIR  spectrum.  These  apprarently 
deviant  features  may  be  due  to  the  comb-like  photoacoustic 
spectra  sampling  going  in  (or  out)  of  sequence  with  a  fine 
structure  spectrum  which  possesses  a  line  spacing  close  to 
that  of  the  CO2  laser  i.e.  1-2  cm*'. 
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3.2  Mint 


The  origin,  volatile  components  and  importance^  "*’^  of  the  essential  oil  of  peppermint  {Mentha  piperita  L.)  and  Japanese 
mint  (Mentha  arvensis  L.  var,  piperascens)  are  presented  in  Table  2,.  The  principal  constitutent  is  menthol  which  gives 
plants  of  the  Mentha  species  a  minty  smell  and  flavour  and  gives  a  cooling  sensation  when  applied  to  skin  and  mucosal 
surfaces^.  The  infrared  spectrum  of  menthol  in  the  spectral  region  9.2  -  10.6  \xta  shows  peaks  of  strong  absorption  at  1048 
cm  *  and  1027  cm  ^  with  much  weaker  peaks  at  992  cm"*  and  921  cm  *. 


Table  2:  Origin,  volatile  components  and  importance  of  mint  essential  oil. 


Origin: 


Plant  family  Labiatae.  Mentha  arvensis  L.  indigenous  to  Japan,  introduced  to  southern  California  and 
Brazil.  Mentha  Piperita  L.  indigenous  to  Europe  and  naturalized  in  northem  USA  and  Canada. 


Extraction:  Steam  distillation  of  overground  parts  of  plant. 


Chemical 

composition  (e.g.  Mentha  arvensis  L) 

MW  BPCO 

Major  component:  menthol  (70-80%);  C,oH2oO  156.3  216 

Other  components:  neomenthol  pulegone 

menthyl  acetate  piperitone 

menthone  +  others 

Importance:  flavouring  of  confectionery  products 

pharmaceuticals  (coolant,  carminative,  stimulant,  counter-irritant) 

tooth  pastes,  chewing  gum,  mouthwashes 

cosmetics 

pesticides 


30  (P)  10  10  (R)  30  30  (P)  10  10  (R)  30 


(10pm)  CO,  laser  lines  (9pm) 


The  inifared  spectrum  of  Japanese  mint  oil  closely 
reproduces  these  peaks.  The  photoacoustic  spectoim  of  its  oil 
vapour  at  20'"  C  is  shown  in  Fig.3.  The  9P  branch  of  the  CO2 
laser  includes  a  strong  photoacoustic  signal  peak  at  1047  cm  * 
(9P20  line).  Each  of  the  lOP  and  9R  branches  show  a  broad 
mid-branch  absorption  minimum  with  centres  at  10P18  and 
9R18  corresponding  to  946  cm  *  and  1077  cm  *  respectively 
which  are  in  fair  agreement  with  the  spectrum  of  menthol.  The 
lOR  branch  photoacoustic  signal  shows  a  small  rise  in  amplitude 
for  incn*easing  values  of  wavenumber  which  corresponds  to  the 
correct  sign  of  the  slope  of  the  menthol  spectrum. 


Fig.  3  Photoacoustic  stick  spectrum  for  the  vapour  of  Japanese 
mint  essential  oil  {Mentha  arvensis  L).  Buffer  gas: 
nitrogen  at  one  atmosphere  pressure.  Vapour  at20®C. 
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33  Anise 


The  characteristic  properties  of  anise  are  presented  in  Table  3,  The  major  chemical  component  of  anise  is  anethole 
which  may  reach  80-90%  of  the  essential  from  Pimpinella  anisum  L.,  and  a  smaller  percentage  from  Illicium  verum  L. 

The  FTIR  spectrum  of  anethole  liquid  shows  strong  absorption  peaks  at  1037  cm  Vand  965  cm  \  and  a  weaker  peak 
at  944  cm  * .  The  FTIR  spectrum  of  anise  star  essential  oil  liquid  shows  essentially  the  same  spectrum  as  anethole,  whereas 
its  vapour  spectrum  shows  a  principal  absorption  peak  at  1045  cm  *,  and  a  smaller  peak  at  962  cm  *,  which  overlaps  with 
an  unresolved  line  on  its  long  wavelength  side.  The  first  of  these  fits  centrally  in  the  CO2  laser  branch  9P  which  extends 
from  about  1061  cm  *  to  1015  cm  *.  The  second  principal  peak  of  anise  star  essential  oil  vapour  at  962  cm  *  lies  midway 
between  the  lOR  and  lOP  branches.  A  partially  resolved  subsidiary  peak  of  anise  star  liquid  (944  cm  *)  falls  midway 
within  the  tuning  range  of  the  lOP  branch. 

The  photoacoustic  spectrum  for  anise  is  shown  in  Fig,  4.  The  spectral  features  of  the  FTIR  anise  star  vapour  spectrum 
are  matched  by  the  photoacoustic  results.  In  particular  a  strong  absorption  peak  at  1047  cm  *  shows  a  peak  situatedcose 
to  the  middle  of  the  9P  branch.  The  combined  photoacoustic  spectrum  covered  by  the  lOP  and  lOR  laser  branches  roughly 

Table  3:  Origin,  volatile  components,  and  importance  of  anise  essential  oil. 

Origin:  Annual  herb  (Pimpinella  anisum  L.)  indigenous  to  Asia  Minor,  Egypt  and  Greece  and  cultivated  in  South 

America,  Germany,  Spain,  Italy,  Southern  Russia  and  Bulgaria.  Star  anise  from  Southern  China,  Vitenam, 
Japan,  the  Philippines  and  Jamaica 

Extraction:  Steam  distillation  from  dried  fruit. 

Chemical  MW  BP  ("C) 

composition:  Major  component;  anethole  (80-90%)  (Pimpinella  anisum  L.)  CioHjjO  148.2  234.5 

(1.7-6%)  (Illicium  verum  L..) 

Other  components:  methyl  chavicol  linalool 

anisaldehyde  a-pinene  +  others 

Importance:  manufacture  of  liqueurs;  food  flavouring 

medicinal:  stimulant,  carminative  and  expectorant 
insecticide 


reproduces  the  flanks  of  the  second  FTIR  peak  at  962  cm'*,  with 
a  subsidiary  peak  at  939  cm  *.  Between  this  pair  of  peaks  there 
is  a  FTIR  anise  liquid  absorption  dip  in  the  vicinity  of  950  cm  * 
which  lies  close  to  the  phtoacoustic  signal  dip  in  the  lOP  branch 
(10P22  i.e.  942  cm  *).  This  dip  is  a  common  feature  of  all 
temperatures  used  for  the  particular  sample  of  star  anise  oil 
vapour  studied.  The  lack  of  precise  agreement  between  the 
anise  FITR  vapour  spectrum  and  the  photoacoustic  result  may 
be  attributed  to  spectral  sampling  of  narrowed  lines  through  the 
dilution  effect  of  nitrogen  as  a  buffer  gas  The  fingerprint 
features  of  the  photoacoustic  signal  for  anise  are  therefore  the 
9P20  absorption  peak,  and  especially  the  10P22  absorption  dip. 


30  (P)  10  10  (R)  30  30  (P)  10  10  (R)  30 


(lOjjm)  CO.  laser  lines 

Fig .4  Photoacoustic  spectrum  of  the  vapour  of  essential  oil 
anise  (Illicium  verum  L.)  for  the  four  branches  of 
the  CO2  laser.  Nitrogen  buffer  gas  at  one  atmosphere 
pressure.  Sample  temperature:  120”  C. 
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4.  CONCLUSIONS 


Strong  and  distinctive  photoacoustic  spectra  have  been  obtained  for  vapours  of  the  three  essential  oils  thyme,  mint  and 
anise.  Because  of  the  dominance  of  the  principal  chemical  constituent  in  each  of  these  oils  i.e.  diymol,  menthol  and 
anethole  respectively,  the  spectra  of  other  oil  samples  from  each  plant  species  are  expected  to  be  rather  similar  to  these. 
However,  since  some  deviations  of  chemical  composition  of  a  given  spectra  are  expected  as  a  result  of  plant  growing 
conditions  and  time  of  harvseting,  variation  of  the  magnitude  and  to  a  lesser  extent  the  shape  of  the  photoacoustic  spectra 
are  expected.  Because  of  the  variation  of  chemical  components  with  hybridized  or  introgressive  plants  (eg  thyme)  it  is  here 
that  substantial  variations  of  the  photoacoustic  spectra  would  be  expected  from  those  shown  in  this  paper. 


Since  the  sensitivity  of  the  laser  photoacoustic  method  is  very  high,  it  is  expected  that  in  many  cases  a  portion  of  the 
plant  (e.g.  a  leaf)  would  produce  sufficient  of  the  essential  oil  for  detection  witiiout  the  necessity  of  resorting  to  crushing 
or  steam  distillation  to  release  the  volatile  components.  In  principle  this  could  provide  a  quick  way  to  determine  the 
optimum  yield  of  the  principal  chemical  component  (eg  menthol  in  mint). 

Whilst  the  results  presented  in  this  paper  are  preliminary,  distinctive  photoacoustic  spectra  have  been  shown  to  be 
achievable  for  thyme,  mint  and  anise  essential  oils.  The  application  of  the  photoacoustic  method  should  now  be  e^qplored 
more  fully  to  check  on  the  effects  of  tiie  variability  of  the  principal  chemical  components  in  the  same  or  related  plant 
species  from  different  sources. 
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ABSTRACT 


We  investigate  theoretically  a  process  of  coherent  Raman  scattering  in  a  medium  where  the  co¬ 
herence  between  two  low-energetic  levels  is  prepared  by  adiabatic  population  transfer.  In  the  present 
case  the  light  induced  moving  optical  grating  can  be  formed  by  a  periodical  sequence  of  solitary-type 
waves  (adiabatons).  The  parameters  of  this  grating  (propagation  velocity,  coefficients  of  spatial  Fourier 
decomposition)  are  controlled  completely  by  the  amplitudes  and  phases  of  the  two  coupling  fields  at 
the  medium  entrance. 


Keywords:  Light  induced  optical  grating,  adiabatons,  low  group  velocity 


1  INTRODUCTION 


The  existence  of  a  new  kind  of  soli  ton-like  waves  has  been  demonstrated  in  Ref..^  Under  a  certain 
adiabaticity  condition  a  coherent  superposition  of  low-energy  states  in  a  A- type  three-level  medium 
composes,  together  with  a  pair  of  corresponding  resonant  electromagnetic  fields,  an  adiabatic  invariant. 
That  superposition  is  responsible  for  the  formation  of  a  bichromatic  soliton-like  pulse  (called  adiabaton) 
and  its  loss-free  and  shape-preserving  propagation.  An  experimental  evidence  of  such  an  object  is 
given  by  Harris  and  co-workers,^  A  number  of  various  theoretical  works  investigate  some  aspects  of 
this  phenomenon  in  detail.^”®  In  particular,  a  four-wave  interaction  in  a  double-A  medium  with  a 
co-propagational  geometry  is  a  subject  of  Ref.,®  where  all  four  propagating  light  components  show 
adiabaton-like  behaviour. 


In  the  present  paper  we  investigate  theoretically  a  quite  different  situation.  Here,  we  concentrate  on 
Raman  scattering  of  a  probe  beam  on  an  optical  grating  induced  in  a  medium  by  a  periodic  sequence 
of  adiabatons.  In  fact,  the  adiabaton  propagation  velocity  u  is  found  in^  to  be  equal  to 


2a?hK 

1  -f  2^72/7kc‘ 


(1) 


Here  7  is  the  linewidth  of  the  optical  transition,  k  is  the  inverse  Beer’s  length  of  the  medium,  is  the 
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Figure  1:  Four  level  atom  under  action  of  two  coupling  fields  Cl  and  C2  and  the  probe  field  P.  The 
generated  signal  is  indicated  by  G. 


sum  of  squares  of  the  Rabi  frequencies  and  ^2  associated  with  the  two  allowed  optical  transitions. 
For  an  adiabaton-like  pulse  propagation  the  input  laser  pulses  should  be  arranged  not  only  in  so-called 
counterintuitive  order  but  also  mantaining  ft  constant.  One  can  see  from  Eq.l  that  adiabatons  can 
travel  with  a  velocity  much  less  than  the  vacuum  speed  of  fight  c.  So  diffraction  of  a  weak  probe  beam 
on  a  slowly  moving  optical  grating  induced  in  the  medium  by  periodical  sequence  of  adiabatons  can 
show  some  specific  features. 


2  PROBE  LIGHT  DIFFRACTION 

Let  us  assume  a  symmetric  A-scheme  consisting  of  nearly  degenerate  levels  |1),  |2)  and  the  optically 
excited  level  |3)  (see  Fig.l).  The  wavelength  of  the  microwave  transition  between  |1)  and  |2)  is  large 
enough  compared  with  the  size  D  of  the  area  of  wave  mixing,  but  the  frequencies  of  the  transitions 
from  a  common  upper  state  to  these  two  low-energy  states  can  be  discriminated,  e.g.,  by  Fabry  — 
Perot  interferometer.  Any  effects  which  could  lead  to  adiabaton  shape  distortion^’^  are  neglected  due 
to  a  small  sample  length. 

The  adiabatic  passage  signal  (in  terms  of  Rabi  frequencies)  can  be  written  in  form  of  two  travelling 
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Figure  2:  Periodical  sequence  of  pulses  composing  adiabaton  waves.  Note  that  their  group  velocitiy  v 
is  less  than  the  front  propagation  velocity  c  (speed  of  light). 


waves  with  sinusoide-modulated  amplitudes  (see  Fig.2): 

[277 


Qi(z,t)  =  Qsin 


^2(^5^)  =  f^cos 


T 

2?: 


{t  —  z/u) 
{t  -  z/u) 


The  adiabaticity  condition^  requires  that  ^  'C  1. 


exp[i{kz  —  Ljt)], 
exp[i{kz  -  ivt)]. 


(2) 


A  weak  probe  signal  in  the  form  of  a  CW  travelling  wave  V  exp[i(kr  -  Qt)]  crosses  the  region  where 
the  adiabaton-induced  optical  grating  is  present.  The  size  of  this  area  is  denoted  by  D,  The  probe 
beam  is  in  resonance  with  the  transition  |1)  -  14),  where  |4)  is  another  excited  state  characterized  by 
a  halfwidth  7.  In  order  to  provide  adiabaticity  in  the  medium  state  evolution,  the  probe  field  must  be 
sufficiently  weak:  The  rate  of  the  corresponding  optical  pumping  should  be  small  compared  to 

each  of  the  values  7. 


Now  let  us  examine  the  nonlinear  (third  order)  polarization  that  gives  rise  to  the  four  wave  mixing 
signal.  This  polarization  is  proportional  to 

exp[z(kr  -Qt)].  (3) 

Now  we  apply  usual  arguments  of  the  optical  conjugation  theory.*^  MO  uT/D  is  much  less  than  unity 
then  the  probe  field  is  diffracted  into  a  narrow  cone  characterized  by  angle  0.  We  note  one  significant 


oc  sin 


47r 

Yit-z/n) 
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difference  between  the  present  grating  formed  by  slowly  varying  adiabaton  amplitudes  (according  to 
Eq.(2))  and  the  usual  case  of  optical  grating  with  a  half-wavelength  period  formed  by  carrier  oscillations 
of  the  two  conterpropagating  waves.  In  our  case  the  angle  x  between  the  2-axis  and  the  vector  k 
necessary  for  a  signal  formation  is  not  arbitrary  but  is  determined  by  the  following  relation: 

cosx  =  -.  (4) 

c 

Here  we  neglect  terms  of  the  order  of  according  to  the  accepted  slowly  varying  amplitude 

approximation.  The  direction  of  propagation  of  the  diffracted  wave  (with  the  frequency  of  the  [4)  —  |2) 
transition  coincides  with  k. 


Eq.(4)  can  be  understood  simply  when  arguing  to  the  Lorenz’s  transformations.  Indeed,  in  the 
frame  of  reference  co-moving  with  the  adiabaton-induced  grating  the  new  value  of  the  probe  field  wave 


vector  is 


(5) 


Let  us  substitute  into  the  latter  equation  the  value  of  k  corresponding  to  the  proper  choice  of  the  angle 
X  given  by  Eq.(4): 


k  =  ^  [e^u/c  +  etr  [l  -  . 


where  etr  is  the  rmit  vector  perpendicular  to  the  unit  vector  ez  of  2-axis.  Prom  Eq.(5)  we  get  k^  =  —etr* 
So  through  the  whole  path  of  the  probe  beam  the  phase  of  the  grating  is  constant  which  results  in  the 
most  effective  signal  wave  generation.  If  there  is  a  deviation  from  the  proper  value  of  x  (exceeding 
sufficiently  the  characteristic  angle  6  discussed  above)  then  contributions  to  the  signal  originating  from 
the  optical  grating  parts  mutually  cancel  due  to  opposite  phases. 


Some  few  words  have  to  be  added  about  the  diffraction  on  periodic  non-sinusoidal  and  quasiperiodic 
adiabaton-induced  gratings,  i.e.  about  cases  which  are  more  general  than  one  described  by  Eq.(2). 
Firstly,  if  the  grating  contains  higher  harmonics  (which  can  be  expanded  in  Fourier  series) 

oo 

Q.1Q2  oc  ^  aynSin 
m— 1 

where  the  contribution  of  the  harmonics  with  very  large  m  is  small  enough  to  not  violate  adiabaticity, 
then  the  arguments  simiiary  to  those  used  for  a  pure  sinusoid  case  lead  to  the  same  condition  Eq.(4). 
Secondly,  the  same  effect  leading  to  this  imique  direction  relevant  for  effective  four-wave  mixing  arises 
in  a  case  of  a  quasiperiodic  grating 


47rm 


{t  -  z/u)  +  ipra 


rOO 

^1^2  ^  /  ^(9)  sin  [(}{z  -  ut)  +  (p{q)] , 

Jq=0 

if  the  spectral  components  with  q  (iiT)~^  are  effectively  absent.  In  the  latter  case  the  angle  of  the 
scattering  cone  is  0  ^  {qminD)~^,  where  qmin  is  the  effective  lower  cutoff  of  the  grating’s  wavenumbers. 


3  DISCUSSION 


Now  we  should  consider  the  most  relevant  scheme  for  experimental  observation  of  the  effect  being  a 
subject  of  a  proceeding  theoretical  analysis.  It  would  be  best  to  fix  the  angle  x  between  the  probe  beam 
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and  2:-axis.  Polarizations  of  the  two  light  modes  forming  the  periodical  adiabaton  sequence  should  be 
either  circular  or  linear,  perpendicular  to  the  probe  beam  direction.  The  two  elec troopti cal  modulators 
should  be  used  to  split  the  carreer  frequencies  to  the  magnitude  of  hyperfine  splitting  between  the 
states  |1)  and  |2).  By  altering  slowly  the  intensity  of  adiabaton  forming  radiation,  and,  hence,  the 
value  of  u,  one  satisfies  at  the  certain  power  the  condition  Eq.(4).  The  signal  wave  detection  should 
be  organized  in  the  following  way:  The  probe  beam  adopts  some  admixture  of  the  signal  wave  after 
passing  the  region  of  nonlinear  optical  interaction.  Their  frequencies  differ  to  the  lower  state  hyperfine 
splitting  magnitude  and  should  be  discriminated  by  a  mode  filter  (e.g.  Fabry-Perot  interferometer). 
Even  if  there  is  no  eff'ective  four- wave  mixing,  there  is  radiation  on  the  |4)  -  |2)  transition, 

A  gas  cell  used  as  a  sample  should  be  coated  and  filled  by  a  buffer  gas.  Perfect  magnetic  shielding 
is  strongly  required. 

Let  us  assume  the  following  set  of  parameters:  7  =  10®  s"\  k  =  10^  cm~\  and  =  10^  s“^. 
Eq.(l)  gives  w  =  2  •  10^  cm/s.  Also  note  that  the  adiabaton  amplitude  modulation  frequency  of  about 
10  MHz  provides  adiabatic  opopulation  transfer.  The  spatial  period  of  the  adiabaton-induced  optical 
grating  is  equal  to  0.02  cm.  So  we  can  conclude  that  the  probe  beam  with  the  diameter  of  order  of  1 
cm  will  be  diffracted  on  this  grating  providing  a  divergent  signal  beam  within  a  cone  of  some  degrees. 
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ABSTRACT 

The  effects  of  co-doping  with  Cr^*^  on  the  absorption  and  emission  characteristics  of  double  doped  Cr^^,  Nd^^  :YAG 
(yttrium  aluminium  garnet)  are  analysed.  The  multisite  structure  due  to  co-doping  (samples  with  a  large  range  of  Cr^^ 
content  were  used)  is  separated  from  that  in  single  doped  crystals.  At  least  seven  new  lines  have  been  separated  in  high 
resolution  spectra  and  a  tentative  assignment  in  terms  of  structural  data  is  proposed.  These  data  suggest  that  the  energy 
transfer  data  should  be  analysed  in  terms  of  inhomogeneous  system.  However,  the  measurements  indicate  strong 
migration  effects.  The  global  donor  and  acceptor  data  at  300K  show  a  linear  dependence  on  donor  concentration,  but 
the  decays  cannot  be  described  in  terms  of  published  theoretical  models. 


1.  INTRODUCTION 

The  pump  efficiency  of  rare  earth  (RE^"^)  ions  emission  in  various  crystals  could  be  improved  by  co-doping 
with  Cr^'^,  due  to  its  strong  absorption  bands  and  to  the  subsequent  Cr^^  ->-RE^^  energy  transfer.  The  Cr^^  sensitisation 
processes  of  RE^"'  emission  have  been  investigated  in  many  systems,  but  several  aspects  are  still  unclear.  Among  these 
we  mention:  (i)  the  static  spectral  modifications  due  to  Cr^"^  co-doping,  (ii)  the  determination  of  the  nature  of  Cr^^  - 
RE^^  interactions  involved  in  the  energy  transfer  and  its  connection  with  static  effects,  (iii)  the  investigation  of 
migration  on  donors  and  its  effect  in  transfer  efficiency.  These  aspects  have  not  been  yet  clarified  for  Cr^"  Nd^^ 
energy  transfer  in  various  crystals^'^^  The  presence  of  an  acceptor  A  close  to  a  donor  D  determines  changes  in  the 
spectral  properties  and  the  system  could  appear  as  a  multisite  one,  each  site  having  its  ovm  spectral  and  dynamic 
properties.  The  energy  transfer  processes  are  more  complex  and  could  involve  selective  transfer  given  site  as  well  as  the 
intersite  transfer. 

This  study  presents  new  data  relevant  to  sensitization  with  Cr^^  of  Nd^^  emission  in  YAG  (Y3AI5O12).. 
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Fig.  1  A  global  energy  level  diagram  of  YAG:  Cr,Nd  system  . 
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The  high  resolution  spectral  data  of  Cr,  Nd:  YAG  are  compared  with  those  of  single  doped  samples  Nd:  YAG  and  Cr: 
YAG.  The  spectra  of  Nd^^  as  well  as  Cr^"^  ions  show,  in  high  temperature  grown  YAG,  a  complex  multisite  structure. 
The  nature  of  various  sites  in  single  doped  crystals  has  been  the  subject  of  many  studies'^’  and  essentially  is 
elucidated.  Nd^"^  enters  in  YAG  preponderantly  in  dodecahedral  Y^"^  c-sites  (lines  N).  Besides  these  lines,  shifted  lines 
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due  to  (c)  -  Nd^^  (c)  pairs  at  different  distances  have  been  observed  (M,  lines),  and  in  high  temperature  crystals 
two  other  types  of  sites  were  reported,  P,  lines  connected  with  a  close  nonstoichiometric  defect  in  a  -  octahedral 
sites)  and  A  lines  due  probably  to  Nd^^  in  octahedral  sites.  Cr^^  enters  in  octahedral  a-positions  of  YAG  and  the 
multisite  structure,  observed  in  R  lines  region  in  emission  (S,  lines)  has  been  assigned  to  the  same  nonstoichometric 
defect 

The  purpose  of  this  paper  is  to  present  experimental  and  analyse  the  high  resolution  absorption  and  emission 
data  Cr^^,  Nd^^:  YAG  in  terms  of  structure  of  the  centers.  The  luminescence  kinetics  of  both  ions,  with  a  stress  on  the 
migration  effects  is  also  discussed 


2.  EXPERIMENT 

Cr,  Nd:  YAG  samples  with  Nd^^  content  of  at.%  and  variable  from  0.1  to  5at.%  have  been  grown  by 
Czochralski  method.  The  transmission  spectra  with  lamp  pumping  and  emission  under  short  pulse  laser  excitation  have 
been  measured  with  a  set-up  including  a  computer  controlled  GDM  monochromator,  S20  or  S]  photomultipliers  and  a 
multichanell  MCS  analyser.  The  measurements  have  been  performed  at  different  temperatures.  The  excitation  has  been 
performed  with  532nm  or  a  dye  laser. 


3.  RESULTS 


3.a  Absorption  spectra 

High  resolution  transmission  spectra  at  low  temperatures  have  been  measured  in  similar  conditions  for  Cr,  Nd: 
YAG  samples  as  well  as  for  single  Nd  or  Cr  -doped  crystals.  Due  to  mutual  crystal  field  perturbations  of  the  two  ions  in 
co-doped  samples  an  additional  multisite  structure  in  Cr,  Nd:  YAG  should  be  observed  in  the  spectra  of  both  ions. 
However,  in  absorption,  this  structure  was  analysed  only  in  Nd^"  lines,  since  Cr^ '  R  lines  are  too  weak  and  broad  to 
detect  such  effects.  Since  both  ions  present  a  multisite  structure  in  single  doped  crystals,  the  new  features  due  to  co¬ 
doping  have  been  separated  by  comparison  of  various  co-doped  with  single  doped  samples.  An  example  of  multisite 
structure  is  given  in  Fig.  2  for  the  %  2  (1)  to  i  (1)  absorption  line 


Fig.  2.  The  transmission 
spectrum  corresponding  to 
X2  (1)  ->  %2  (1)  Nd*" 
transition,  at  lOK,  for  a  Cr 
(1.25at.  %)  Nd(1.3at.  %):YAG 
sample. 
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The  new  satellites  due  to  co-doping  are  denoted  by  Ci,  while  for  the  others  lines  representing  Nd^^  main  line  and 
multisite  structure  in  Czochralski  .  grown  samples  we  kept  the  usual  notations  (Pi,  Mj).  Similar  complex  structure  has 
been  observed  in  other  transitions  too. 

The  co-doping  with  Cr^^  determines  two  effects:  the  apparition  of  new  lines  Cj.  and  changes  in  the  relative 
concentration  of  the  main  line  N  and  other  satellite  lines;  but  even  at  Sat.  %  Cr^^,  the  isolated  Nd^^  lines  N  are 
dominant.  As  the  relative  intensities  of  the  Q  lines  grow  with  Cr^^  content,  those  of  N,  P  or  A  (see  later)  decrease. 

3.  b.  Nd^  emission 

We  have  investigated  the  Nd^'"  and  Cr^^  emission  under  nonselective  pumping  with  532nm  or  a  dye  laser. 

The  Nd^'^  emission  spectra  under  532nm  pumping  have  been  studied  since  most  of  the  previous  data  on  Cr^"^  - 
Nd^"^  energy  transfer  have  been  measured  under  this  excitation,  in  the  assumption  that  at  this  wavelength  only  Cr^"^  ions 
are  pumped.  Fig.  3  presents  comparatively  part  of  the  ^Fy2  (1)  ^  \/2  emission  at  lOK  under  pumping  with  532nm  in 
two  samples.  The  spectra  were  taken  in  reabsorption  conditions,  so  that  the  resonant  N  line  ('^F3/2  (1)  ^19/2  (1) 

transition),  although  relatively  strong,  is  practically  missing.  At  low  Cr^"^  content  (0.1%)  (Fig.  3),  the  low  temperatures 
emission  spectrum  is  dominated  by  center  A  as  is  the  case  of  single  Nd^^  doped  samples^.  The  Cr^"^  co-doping  brings 
two  changes:  the  decrease  of  the  relative  intensity  of  A  lines  comparatively  to  N  and  the  apparition  of  new  lines  denoted 
byQ.  3.  .  .  . 

At  direct  nonselective  pumping  in  Cr^^  with  a  dye  laser,  in  the  reabsorption  conditions,  the  Nd^"^  emission  is 
dominated  by  C,  centers.(Fig.  4). 
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Fig.  3  Part  of  the '‘F3/2(1) ->%/2  emission  at  Fig.  4  The  emission  spectra  (‘'F3/2  (1)  %n  (1) 

lOK  under  pumping  with  532nm  in  two  transition),  taken  in  reabsorption  conditions  ,  of  a  YAG: 

YAG:  Nd,  Cr  samples.  Nd,  Cr  sample  at  lOK  under  dye  pumping. 

The  explanation  of  this  behaviour  at  pumping  with  532nm  is  that,  at  this  wavelength,  one  excite  simultaneously 
Cj3+  (^2)  and  Nd^^.  In  Nd^^:  YAG  crystals  at  very  low  temperatures  the  532nm  radiation  is  almost  resonant  with  one 
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of  the  %/2  ^¥9/2  absorption  lines  of  a  center  A  and  weakly  absorbed  in  a  hot  band  of  the  absorption  spectrum  of 

center  N.  Thus,  at  low  temperatures,  the  emission  of  Nd:  YAG,  at  this  pumping  is  dominated  by  center  A.  At  higher 
temperatures  the  N  center  emission  in  Nd:  YAG,  at  this  pumping,  becomes  prevalent. 

In  Cr,  Nd;  YAG  with  532nm  besides  Cr^"  C^T2),  a  center  A  of  Nd^^  is  pumped^  at  low  temperatures  along  with  Nd^^  N 
center..  At  300K  the  competition  is  between  excitation  in  Nd^^  hot  band  of  center  N  and  C*T2).  This  fact  affects  the 
shape  of  Nd^^  decay  curves,  that  will  contain  contribution  of  direct  pumping  too,  function  of  Cr/Nd  content  and 
temperature.  This  is  true  for  other  pumpings  too,  especially  at  low  temperatures,  when  the  transfer  efficiency  is  low  and 
could  compete  with  direct  pumping  in  very  small  Nd^'  lines. 

4.  LUMINESCENCE  KINETICS 
4.a  Luminescence  kinetics  at  low  temperatures 

The  low  temperature  decays  are  very  complex  and  depend  strongly  on  sample  and  emission  wavelength.  Since 
our  samples  have  similar  Nd^^  content,  and  a  large  range  of  Cr^^  concentrations,  the  kinetics  of  both  ions  show  clear 
migration  effects  even  at  low  temperatures,  excepting  the  samples  with  a  very  low  Cr^^  content..  Though  it  is  difficult 
to  separate  all  Nd^^  centers  emission  one  can  present  several  characteristics  of  the  decays  of  N  and  Cj  centers  at  lOK: 
(i)  for  all  Cr^"^  concentrations  the  decays  present  risetimes  followed  by  a  descending  curve  with  a  complex  shape;  (ii)  the 
risetime  decreases  as  Cr^^  content  increases  and  at  a  given  concentration  is  larger  for  N  and  shorter  for  C4.7  centers. 
This  indicate  that  at  low  temperatures  the  transfer  Cr-  Nd  is  rather  slow  even  for  perturbed  Cr  -  Nd  centers. 

4.b  Luminescence  kinetics  at  300K 

In  order  to  investigate  the  energy  transfer  processes  at  300K,  the  global  emission  of  donor  Cr^^  (Ri  line)  and 
acceptor  ('^F3/2  Nd^"^)  emission  decays  in  various  samples  have  been  measured.  The  intrinsic  lifetime  Tq  for  Cr^""  is 
strongly  dependent  on  temperature,  --  1850|is  at  300K  and  --  9msec  at  lOK,  while  the  ^¥^  2  Nd^^  decay  is  practically 
temperature  independent  with  Tq  --  260jis  At  Nd^"  concentrations  used  in  our  co-doped  samples,  the  ^¥2/2  Nd^^ 
emission  is  slightly  non-exponential,  but  this  is  less  important  for  the  present  discussion.  In  the  co-doped  samples  both 
Cr^"^  and  Nd^'"  resonantly  pumped  decays  are  nonexponential  and  show  a  strong  dependence  on  the  Cr^"  content. 

4.b.L  Cr^  emission  decays  in  YAGrCr,  Nd 

The  Cr^'^  global  emission  decays  in  various  co-doped  samples  show  a  strong  increasing  of  quenching  with 
Cr^^  content.  Since  the  acceptor  (Nd^"")  concentration  is  around  lat.%  in  all  samples,  the  observed  dependence  can  be 
connected  to  accelerated  transfer  by  migration 

An  attempt  to  describe  Cr^""  decay  curves  in  terms  of  energy  transfer  models*'^'^^  has  been  made  From  the 
experimental  decays  the  transfer  functions  defined  as 


-P(t)  =  ln 


-1 


3.  h' 

are  obtained.  For  0.1at%  Cr  the  transfer  function  P(t)  can  be  described,  at  large  times  (Fig.  5),  by  a  dependence, 
suggesting  a  direct  energy  transfer  process  with  a  dipole-dipole  D  -  A  interaction.  A  transfer  microparameter  Cda  ~  4.5 
♦lO'^cm^s'^  is  estimated;  lower  than  that  reported  recently^  for  a  sample  with  lat.%Nd  lat.%Cr. 
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Fig.  5.  The  transfer  function  P(t)  of  the  Cr^^  emission  at  300K  for  a  sample  YAG:  Nd  1.3iat.%,  Cr  0.1  at.  % 
experimental  points  and  fitting  with  t^^^. 

At  short  times,  de\dation5  from  this  law  are  obsewed.  The  faster  parts  could  be  connected  wdth  different  transfer 
interactions  for  closer  Cr^"  -  Nd^"  pairs.  At  larger  Cr^""  concentrations  (even  0.5at.  %),  the  decays  are  faster  suggesting 
migration  accelerated  energy  transfer.  The  consideration  of  migration  effects  as  a  linear  function  of  time^^’^^  in  P(t)  does 
not  give  a  coherent  description  of  our  data,  even  at  large  times..  For  this  reason,  in  order  to  describe  the  dependence  on 
donor  concentration  we  use  a  global  effective  transfer  rate^  defined  with  the  help  of  an  average  lifetime  as  the  area 
under  the  decay  curve,  i.e. 

and  the  transfer  rate 


^med  ^0 


where  Tq  is  the  lifetime  of  isolated  Cr^"^  ions.  The  results  are  presented  in  Fig.  7.  One  observes  an  almost  linear 
dependence  on  Cr  concentrations  for  the  range  0.5-2%,  (exception  makes  5%;).  This  dependence  is  a  measure  of 
migration. 

4.b.2.  Nd^  emission 

The  Nd^"^  emission  (at  pumping  in  ^T2  level)  presents  decays  with  risetimes  and  descendent  parts 
depending  on  the  Cr^"^  content.  For  an  illustration  in  Fig.  6  comparatively  the  Nd  emission  in  three  samples  are 
presented. 
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Fig  6.  2  decay  for  a  single  doped  sample  (upper 

curve)  and  two  co-doped  samples,  pumped  in  Cr^^. 

For  Sat.  Cr^^  the  transfer  is  very  fast,  so  that  after  ~  SOps 
Nd^"  the  decay  is  similar  to  that  of  directly  pumped 
sample  (upper  curve).  For  lower  Cr^^  content  (0.5%),  the 
slower  transfer  from  Cr^^  is  clear  on  the  entire  Nd^^  decay 
(lower  curve). 


No  theoretical  expressions  to  describe  the  acceptor  emission  in  such  a  case  are  available  A  parameter  that  could  give 
some  information  on  the  global  acceptor  (Nd^^)  emission  is  the  build  up  time,  tAmaK-  An  almost  linear  dependence  of  this 
time  on  Cr  emission  is  measured  at  300K,  as  shown  in  Fig  8. 


Fig.  7  The  dependence  of  the  global  Cr  -  Nd 
transfer  rate  on  Cr  content. 
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Fig  8  The  dependence  of  the  Nd^^  emission  building  time 
on  the  Cr^^  concentration  . 


5.  CONCLUSIONS 

-  The  co-doping  with  Cr^""  induce  at  least  seven  fiew  lines  in  Nd^""  spectra  at  lOK,  but  even  at  Sat.  %  Cr^^,  the 
isolated  Nd^^  lines  are  dominant;  the  co-doping  cannot  change  laser  emission  wavelength  in  this  case. 

-  The  positions  (in  cm‘' )  of  these  centers  (Ci)  in  ^3/2  (1)  ^19/2  (1)  Nd^^  transition  relatively  to  the  main  line 

N  are  given  in  Table  1.  Shifts  up  to  --  14cm“'  are  observed  in  this  transition. 

Table  1.  Satellite  structure  induced  by  Cr^"^  co-doping  in  Nd^^  spectra. 


c, 

c. 

N 

C3 

C4 

C5-C6 

C7 

11428.5 

11427 

11425.5 

11422.2  1 

11419 

11415-17 

114U.5 
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-  Some  of  the  C/  lines  are  assigned  to  Cr^'^(a)  -Nd^^(c)  pairs.  For  nearest  neighbours  Cr  -  Nd  pairs  an 
anisotropy  of  the  distortion  is  assumed,  i.e.  more  lines  (Ci,  C3,  C7)  are  tentatively  assigned  to  pairs  at  the  minimum 
distance  (3.35A).  C2  could  be  connected  with  a  second  order  pairs  at  5.408  A.  Cr^^  replace  Y^^(a)  in  octahedral  sites 
too.  This  could  bring  additional  lines  in  Cr,  Nd:  YAG. 

-  Luminescence  kinetics  of  these  Ci  Nd^"^  centers  at  pumping  nonselectively  in  Cr^"^  show  different  shapes  with 
risetimes  dependent  on  Cr^^  content.  This  system  behaves  inhomogeneously  and  the  Cr  Nd  energy  transfer  is  rather 
slow  at  low  temperatures. 

-  The  fast  part  at  the  beginning  of  Cr^^  decay  could  be  connected  to  another  type  of  interaction  and  not  with 
correlated  distribution;  a  dipole  -  quadrupole  mechanism  is  very  likely.  The  ^F3/2  Nd^^  emission  (at  pumping  in  Cr^^  '^'2 
level)  presents  decays  with  risetimes  and  descendent  parts  depending  on  the  Cr^^  content,  unlike  the  recent  results^’^^ 
on  Cr,Nd:YA103 

-  Two  global  parameters  for  migration  effects  are  defined:  a  global  transfer  rate  JVfr  (for  donors  Cr^'^  and  the 
build  up  time,  tAmax  for  global  acceptor  (Nd^"^)  emission.  An  almost  linear  dependence  of  these  parameters  on  Cr^"^ 
content  was  obtained.  A  theoretical  treatment  to  take  into  account  the  migration  effects  in  inhomogeneous  systems  (as 
in  the  case  of  direct  transfer  )  is  necessary. 
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ABSTRACT 

Thrichloroetylene  with  added  molecular  oxygen  was  photolysed  with  a  TEA  CO2  laser 
radiation,  at  V4  (  933  cm"'  )  fundamental  vibrational  band  for  C2HCI3  and  at  V3  (1020  cm'*  ) 
fundamental  vibrational  band  for  C2DCI3.  The  stable  final  products  in  the  infrared  multiphoton 
dissociation  of  trichloroethylene  were  determined  by  mass  spectrometry  in  the  0.5-10  Ton- 
pressure  range  of  the  gas.  After  the  photodissociation  process,  the  following  final  products 
appeared:  HCl  (or  DCl),  C2CI2,  C2CI4,  C2CI4O,  CO,  C02  and  C2O3.  Experimental  measurements 
were  also  performed  to  obtain  information  about  the  dependence  of  the  specific  dissociation  rate 
versus  laser  pulse  energy,  for  both  isotopic  species  of  trichloroethylene. 

Keywords:  Multiphoton  photochemistry;  isotopic  effects 


1.INTRODUCTION 

The  recent  interest  in  infrared  multiphoton  dissociation  (IRMPD)  of  the  trichloroethylene 
(TCE)  molecule  has  revealed  some  questions  refering  to  the  first  step  of  the  dissociation,  to  the 
reactions  involving  free  radicals  produced  in  the  dissociation  process  and  to  the  isotopic 
selectivity  obtained  in  these  conditions.  For  trichloroethylene  recent  years  have  brought 
considerable  progress  in  relating  product  state  distribution  of  photoinitiated  reactions  to  detailed 
features  of  the  potential  energy  surface  and  respectively  in  determination  of  the  transition  state 
structure  for  products  elimination 

A  detailed  chemical  kinetic  mechanism  for  the  combustion  of  C2HCI3  under  fuel  rich  and 
slightly  sooting  conditions  in  flames  of  C2HCl3/02/Ar  has  been  developed  previously  by 
W.D. Chang  and  S.M.Senken 

In  a  recent  work  we  have  presented  results  on  the  infrared  multiphoton  absorption  of 
protonated  and  deuterated  TCE  *.  The  dependence  of  infrared  multiple  photon  cross  section  and 
average  number  of  photons  absorbed  per  molecule  versus  laser  fluence  and  laser  frequency,  for 
different  pressures  of  gas,  has  been  investigated  by  using  a  TEA  CO2  laser. 
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In  the  experiments  reported  in  this  paper,  we  have  studied  the  IRMPD  of  the  TCE  in  mixture 
with  molecular  oxygen  (O2),  in  order  to  shed  some  light  on  the  extent  to  wich  non-equilibrium 
effects  may  by  reflected  in  overall  chemical  behavior  of  the  reaction.  In  the  photodissociation  of 
TCE,  the  primary  reaction  pathways,  such  as  HCl  and  Cl  elimination,  have  been  observed  .The 
lowest  energy  dissociation  of  TCE  is  the  HCl  elimination.  We  have  observed  that  the  major  final 
products  of  pure  TCE  multiphoton  dissociation  were  HCl,  C2CI2,  C2CI4  and  C2.  In  the  case  of 
mixtures  with  O2  the  following  final  products  were  detected:  HCl  or/and  DCl,  C2CI2,  C2CI4, 
C2CI4O,  CO,  CO2  and  C2O3  ^ 

We  have  carried  out  the  study  of  reaction  induced  by  multiple  infrared  photon  absorption  in 
TCE/O2  mixtures,  in  order  to  gain  information  of  use  in  elucidating  the  dynamics  and  detailed 
mechanism  of  this  process.  The  atractive  feature  of  this  molecule  is  that  while  the  primary  laser- 
induced  process  is  a  simple  HCl  elimination,  there  are  also  competitive  chanels  present  (Ex;  C-Cl 
bond  cleavage)  wich  provide  quantitative  tests  of  model  for  the  dynamics  of  the  process.  The 
formation  of  reactive  radicals  induce  a  complex  overall  kinetics  for  secondary  reactions. 


2.EXPERIMENTAL 


The  IRMPD  experiments  were  performed  using  a  home  built  TEA-CO2  laser,  with  an  output 
power  of  0.7  -  2.5  J/  pulse,  with  ±  5%  fluctuations  for.  the  rotation  lines  of  the  00°l-02®0  and 
60°1-10“0  vibrational  bands.  The  laser  beam  with  a  temporal  pulse  shape  beginning  with  a  250  ns 
spike  followed  by  an  about  1.0  ps  tail,  was  focused  in  the  center  of  the  reaction  cell  with  a  9.5  cm 
focal  length  BaF2  lens.  The  reaction  vessel  was  a  Pyrex  cylindrical  cell  (diameter  -2,4  cm,  length 
10.0  cm),  with  KCl  windows  at  both  ends. 

The  sample  handling  has  been  performed  by  using  a  standard  vacuum  line  with  pressure 
monitoring  system.  The  reagents  used  in  this  study  have  been  TCE  (C2HCI3  and/or  C2DCI3)  with 
a  chemical  purity  better  than  99%  and  O2  (>99,9%).  In  some  experiments,  isotopic  mixtures  with 
~  55%  C2HCI3  and  ~  45%  C2DCI3  have  been  used.  The  deuterated  TCE,  with  about  3% 
protonated  compound,  has  been  obtained  by  means  of  base  catalysed  aqueous  exchange  between 
TCE  and  D20.The  purity  of  the  mentioned  gases  and  the  analyses  of  reaction  mixtures  and  of 
photoreaction  products  have  been  carried  out  by  means  of  a  mass  spectrometer  VARIAN  MAT 
311.  In  the  case  of  CO  analysis  a  high  resolution  system  has  been  necessary  to  determine 
unambiguously  the  peaks  for  [CO]^  (27,9949  a.m.u.)  and  [N2]*  (28,0061  a.m.u.)  ions. 

In  IRMPD  experimental  measurements,  the  following  laser  lines  have  been  used: 
10P(34)/931.0  cm‘^  10P(32)/932.0cm'‘;  10p(28)/936.8  cm'‘;  10P(24)/940.6  cm’^;  10P(22)/942.1 
cm'^;  10P(18)/946.0  cm'^;  10P(12)/951.2  cm'^  and  10P(6)/956.2  cm'*  for  excitation  of  strong 
vibrational  band  V4,  (C-Cl  bond)  /933  cm'*  of  C2HCI3  *  .  We  have  used  also  the  laser  lines 
9P(30)/1037  cm'*  and  10R(30)/982.1  cm'*  for  the  excitation  of  strong  vibrational  band  V3  (C-D 
bond)/1020  cm'*  of  C2DCI3 
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3.  RESULTS  AND  DISCUSSIONS 


For  the  ethylene  replacing  with  Cl  one  or  more  H  atoms  considerablly  increases  the 
complexity  of  the  system.  Yokoyama  et  al  ^  reported  the  following  conceivable  reaction  channels 
for  the  TCE  dissociation  process,  in  primary  step  of  the  reaction; 


CHCl=CCl2  — >HC1+  ;C=CCl2 

(1  a) 

— >HC1  +CCfeCCl 

(1  b) 

— >C1  +C2HCI2 

(2) 

— >Cl2+Cl2HCl 

(3) 

In  reactions  (la)  and  (lb)  HCl  is  produced  by  "three  center  elimination"  and  respectively  by  "four 
center  elimination"  The  difference  between  the  transition  state  structures,  for  the  two  HCl 
elimination,  is  presented  in  the  work  of  Yokoyama  et  al  ^  were  it  is  possible  to  observe  and  the 
contrastive  features  of  the  two  HCl  eliminations.  In  that  paper  is  presented  also  the  enthalpy 
diagram  for  TCE  dissociation  reaction.  The  threshold  energy  (kcal/mol)  for  reaction  (la)  is  lower 
by  5.2  kcal/mol  than  that  for  reaction  (lb),  indicating  a  possible  competition  between  these 
reactions.  In  the  photodissociation  of  TCE  the  primary  reaction  pathways,  such  as  HCl  and  Cl 
elimination,  have  been  observed.  The  lowest  energy  dissociation  of  TCE  is  HCl  elimination  (78.8 
kcal/mol).  The  major  final  products  of  pure  TCE  multiphoton  dissociation  were  HCl,  C2CI2,  C2CI4 
and  C2.  The  HCl  or  DCl  and  C2  dissociation  final  products  were  deposited  on  the  inner  wall  of  the 
reaction  cell.  Only  C2CI2  and  C2CI4  could  be  analysed  by  mass  spectrometry. 

The  gas  mixtures  used  in  the  present  experimental  measurements  were  with  ratios  O2/TCE 
between  0.27  and  0.97  at  presures  for  TCE  in  the  range  of  0.5-10  torr.  When  O2/TCE  mixtures 
were  photolised  and  subsequently  analysed,  the  following  major  products  were  obtained;  HCl 
or/and  DCl,C2Cl2,  C2CI4,  C2CI4O  (tertachloroethylene  oxide),  CO,  CO2  and  C2O3.  With  the 
exception  of  HCl  or  DCl,  the  other  major  fotoproducts  could  be  analysed  by  mass  spectrometry. 
The  possible  reactions  wich  account  for  the  formation  of  the  final  products,  in  the  presence  of  O2 
in  a  high  intensity  infrared  radiation  field,  for  the  case  (la)  are  the  following; 

;C=CCl2+02  — >  CO  +  C2CI4+C2CI4O  (4a) 

— >C02+C2Cl4  (4b) 

CO  +  CO2  — >C203  (5) 

The  final  products  observed  in  this  study  are  cosistent  with  the  C=C  bond  scission  of 
dichlorovinylidene  resulting  in  the  second  step  of  the  photodissociation  reaction  *. 

Products  analysis  proves  that  reaction  chanel  (la)  is  donunant  in  the  dissociation  process  of  TCE. 
In  the  reaction  channel  (lb),  besides  HCl  /DCl,  is  produced  CCkCCl  (dichloroacetylene)  that  is  a 
relatively  stable  final  product. 

The  unconverted  fraction  of  TCE,  [C2HCl3]n  was  measured  as  a  function  of  laser  pulse 
number  (n)  for  three  different  gas  mixtures  (O2/TCE  ratios),  at  the  same  values  for  TCE  initial 
presure  Pj,  laser  radiation  frequency  Vl  and  laser  pulse  energy  Ep.  The  variation  of  [C2HCl3]n  with 
n  is  illustrated  in  Figure  1 .  As  it  can  be  seen,  there  are  two  regions  of  [C2HCl3]„  dependence  on 


n,for  the  0.275  and  0.464  values  of  O2/TCE  ratio.  At  n<200  for  O2/TCE=0.275  and  at  n<300  for 
02/TCE=0.464  there  is  an  exponential  decrease  of  the  unconverted  fraction  of  TCE  with 
increasing  number  of  pulses,  showing  a  pseudo-first  order  kinetics  over  that  range  of  conversion. 
At  values  for  n  higher  than  those  mentioned  before,  the  dependence  of  [C2HCl3]n  on  n  shows  an 
approximately  constant  value  with  the  number  of  pulses.  The  plots  are  nearly  parallel  to  the  n- 
axis,  confirming  that  in  this  range  there  is  an  inhibition  of  the  reaction.  In  Figure  2  the  plot  of  the 
unreacted  oxygen  fraction  [0]n  presents  a  fast  decrease  for  O2/TCE  =  0.275  and  at  n>200  the 
values  of  the  [02]n  are  lower  than  5.10'^.  The  fast  decrease  of  oxygen  especially  at  low  values  of 
O2/TCE  ration  may  lead  to  the  fact  that  the  conversion  of  TCE  by  IRMPD  will  be  insignificant  at 
higher  values  than  those  mentioned  above  for  n.  In  the  case  of  02/TCE=  0.953,  the  uncoverted 
fraction  [C2HCl3]n  as  a  function  of  n  shows  an  axponential  decrease  for  the  whole  range  of  pulse 
number  values,  0-700  (Fig  1)  .  Also,  from  Figure  2  we  can  see  that  [02]n  shows  a  monotonous 

decrease  in  the  mentioned  pulse  number  range.  An  important  conclusion  from  all  experimental 
results,  reported  in  Figures  1  and  2,  is  that  TCE  infrared  multiphoton  dissociation,  in  an  intense 
laser  radiation  field,  were  carried  out  under  pseudo-first  order  conditions  in  a  large  range  of  n  , 
only  at  high  values  of  O2/TCE  ratio  for  the  gas  mixture.  Final  photoproducts  analysis  proves  that 
reaction  channel  (la)  is  dominant  in  the  dissociation  process  of  TCE. 

From  Figure  3  one  can  estimate  the  formation  of  CO  by  [CO]"^  ion  intensity,  represented  in 
arbitrary  units  (a.u.).  As  shown  in  Figure,  the  slope  of  I  [CO]^  versus  n  curve  decreases  as  the 
laser  pulse  number  increases.  This  is  a  frequently  observed  feature  in  the  IRMPD  of  polyatomic 
molecules  under  middly  focusing  conditions.  The  profiles  .of  the  curves  for  the  other  final  stable 
photoproducts  have  similar  features.  The  mass  spectrometry  mesurements  reveal  that  CO2 
concentration  is  close  to  a  factor  of  4  lower  than  that  of  the  CO  molecule.  The  concentration  of 
C2CI2,  C2CI4,  C2CI4O  and  C2O3  molecules  are  much  lower  than  that  of  CO  molecule. 

As  shown  in  Figure  4  there  is  a  complicated  dependence  of  the  photoreaction  products 
formation  versus  Ep.  From  figure  we  can  observe  that  CO  relative  yield  increases  rapidly  with 
laser  pulse  energy  under  0.75  J/pulse.  This  means  that  about  0.75J/pulse  represents  the  threshold 
after  wich  there  is  a  saturation  in  products  formation. 

TCE  excited  by  IR  multiphoton  absorption,  decomposed  by  reaction  channels  exposed  in  (la) 
and  (lb)  Figure  5,  shows  the  dependence  of  the  specific  dissociation  rate  per  pulse. 
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versus  laser  pulse  energy  Ep,  at  the  vl=9P(28)/1034  cm'*  and  for  an  isotopic  mixture  of  54% 
C2HCI3  and  46%  C2DCI3.  Wa**  is  specific  dissociation  rate  for  C2HCI  and  Wd°  for  C2DCI3  The 
other  experimental  conditions  are  specified  in  the  figure.  The  9P(28)  laser  line  is  resonant  with 
the  intense  V3  (1020  cm'*)  vibrational  band  of  deuterated  TCE.  From  these  results  one  can  notice 
the  existence  of  a  low  isotopic  selectivity  in  the  IRMPD  process  of  the  deuterated  TCE. 
Furthermore  this  behaviour  of  the  system  is  best  interpreted  in  terms  of  redistribution  of 
vibrational  energy  within  the  molecule,  and  between  molecules,  at  the  same  time  with  the  mode 
specific  excitation.Finally  we  want  to  determine  the  fluence  dependence  of  the  dissociation 
probability  per  laser  pulse  for  deuterated  TCE.  Figure  6  shows  that  the  decomposition  probability 
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increases  rapidly  with  fluence  until  near  40  J/cm^  and  saturates  near  1 .0  after  that  value  of  the 
fluence.  A  similar  behaviour  is  observed  and  for  C2HCI3. 

4.  CONCLUSIONS 


Our  results  demonstrate  once  more  the  variability  of  phenomena  in  IR  multiphoton  excitation 
and  dissociation  of  molecules  and  the  fact  that  they  can  be  understand  with  profound 
spectroscopic  knowledge.  It  is  necesary  to  study  more  rigorously  the  factors  wich  may  influence 
the  IRMPD  of  TCE  and  product  formation  mechanism  in  the  1-10  Torr  interval  of  presure.  For 
the  experimental  conditions  exposed  in  this  paper,  the  C=C  scission  is  apparently  the  dominant 
mechanism  of  dissociation  in  the  second  step  of  the  reaction  process.  The  presence  of  O2  can 
induce  the  formation  of  C2CI4O,  CO,  CO2  and  C2O3  molecules  as  final  products,  from  the 
dichlorovinylidene  fragment. 

By  means  of  mass  spectrometry  analysis  both  primary  and  secondary  photolisys  products  were 
observed.  The  photoreaction  channel  (la)  is  dominant  in  the  dissociation  process  of  TCE. 

It  is  possible  that  the  elimination  of  HCl  or  DCl  by  an  a  a  mechanism  ^  determines  a  low 
isotopic  selectivity  in  the  IRMPD  of  TCE. 
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Fig  1.  TCE  unconverted  fraction 
as  a  function  of  laser  pulse  number 
for  different  experimental 
conditions 


Fig.2  Oxygen  unreacted  fraction  dependence  on  laser  pulse  number. 


Fig  3.  Intensity  of  the 
[CO]'^  ion  peak  vs.  laser 
pulse  number  n,  in  arbitrary 
units 
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Fig.4.  Intensity  of  the  [CO]^  ion 
peak  vs.  laser  pulse  energy  Ep,  in 
arbitrary  umts. 


Fig.  5.  Specific  dissociation  rate 
per  laser  pulse  (Wa)  vs  pulse 
energy  Ep;  Wa^-CaDCls  and  Wa”- 
C2HCI3 


Fig.6.  The  dissociation 
probability  per  pulse  (Pa)  in 
function  of  fluence,(J/cm^) 
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Excited  xenon(ls4)  atom  detection  by  modulation  laser  absorption  spectroscopy 
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Hokkaido  University,  Department  of  Electrical  Engineering,  Sapporo  060,  Hokkaido,  Japan 
National  Institute  for  Laser,  Plasma  and  Radiation  Physics,  Bucharest,  PO  Box  MG-36,  Romania 


ABSTRACT 

A  study  on  the  space  distribution  of  the  excited  xenon  atoms  on  level  IS4  in  a  d.c.  discharge  in 
neon-xenon  mkture  is  presented  in  this  paper.  The  relative  density  of  the  excited  xenon  atoms  was 
measured  using  diode  laser  absorption  at  828.239  nm,  corresponding  to  the  xenon  transition  between  IS4 
and  2p5  levels.  A  comparative  analysis  of  the  laser  absorption  signal  and  corresponding  optogalvanic 
signal,  permitted  us  to  define  a  new  parameter,  namely  optogalvanic  effect  efficiency,  Effcxj,  as  the  size  of 
the  optogalvanic  signal  corresponding  to  an  atom  optically  pumped  by  laser. 

Keywords:  laser  plasma  spectroscopy,  optogalvanic  effect,  tunable  diode  laser  monitoring  of  excited  Xe 
species 


1.  INTRODUCTION 

Laser  plasma  spectroscopy  is  rapidly  becoming  a  very  efficient  tool  for  plasma  studies  and  plasma 
parameter  monitoring  Indeed,  due  to  its  precision,  the  density  of  atoms  in  a  selected  excited  state  can 
be  observed  in  both  time  and  space. 

A  study  on  the  space  distribution  of  the  excited  xenon  atoms  on  level  IS4  in  a  d.c.  discharge  in 
neon-xenon  mixture  is  presented  in  this  paper.  The  relative  density  of  the  excited  xenon  atoms  was 
measured  using  diode  laser  absorption  at  828.239  nm,  corresponding  to  the  xenon  transition  between  IS4 
and  2p5  levels. 

A  comparative  analysis  of  the  laser  absorption  signal  and  corresponding  optogalvanic  signal, 
permitted  us  to  define  a  new  parameter,  namely  optogalvanic  effect  efficiency,  Effoo,  as  the  size  of  the 
optogalvanic  signal  corresponding  to  an  atom  optically  pumped  by  laser. 

The  dependencies,  experimentally  observed,  of  Effoo  on  various  working  parameters  can  give 
useful  information  on  the  elementary  processes  taking  place  in  a  discharge. 


2.  EXPERIMENTAL  SET-UP 

Two  experimental  arrangements  were  used  to  measure  the  distribution  of  the  excited  xenon  atoms 
on  level  IS4  and  the  optogalvanic  signal  in  the  interelectrode  space  of  a  d.c.  discharge,  as  shown  in 
Fig.  1(a)  and  (b)  where: 

(a)  is  a  d.c.  plasma  modulation  system  for  measuring  the  relative  density  of  excited  xenon  atoms, 
and 

(b)  a  diode  laser  wavelength  modulation  system  for  measuring  optogalvanic  signals. 

In  these  set-ups,  the  diode  laser  LTOISMDO-Sharp  with  a  wavelength  range  of  815  nm-845  nm 
and  30  mW  maximum  optical  power  output,  is  power-supplied  and  temperature-stabilised  with  a  Melles- 
Griot  Laser  Driver  06DLD203.  The  xenon  transition  at  828.239  nm  (IS4  -  2p5)  can  be  achieved  using  a 
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diode  laser  current  of  102.4mA  and  a  junction  temperature  of  9.36®  C;  the  optical  power  density  of  the 
laser  beam  is  3W/cm^.  The  diode  laser  wavelength  scanning  over  75GHz  range,  with  64mHz  frequency,  is 
performed  by  a  triangular  signal  generator  and  is  marked  with  the  interference  fringes  obtained  from  a 
confocal  Fabry-Perot  etalon  (1.5GHz  free  spectral  range).  The  xenon  absorption  signal  and  the  marking 
interference  fringes  are  simultaneously  displayed  on  an  oscilloscope  screen  and  stored  in  a  computer 
memory  via  GPIB  interface. 

The  d.c.  discharge  is  ignited  and  maintained  between  two  stainless  steel  electrodes,  50mm  in 
diameter,  mounted  inside  a  large  vacuum  chamber  (200mm  in  diameter,  270mm  high).  The  chamber  is 
provided  with  two  glass  windows,  which  ensure  passage  of  the  laser  beam  through  the  gas  discharge 
parallel  to  the  surfaces  of  the  electrodes.  One  electrode  (the  cathode)  is  movable  so  that  the  necessary 
cathode-anode  distance  can  be  set. 

In  the  d.c.  plasma  modulation  detection  system,  the  discharge  is  supplied  by  a  high  voltage 
generator.  The  current  through  the  discharge  is  modulated  with  a  controlled  frequency  in  the  range  of 
400Hz- 1500Hz,  using  a  working  frequency  of 465Hz.  The  plasma  is  periodically  switched  on  and  off  and 
consequently,  the  absorption  signal  has  the  same  frequency  as  plasma  modulation.  Fig.  2  shows  the 
absorption  signal  of  excited  xenon  atoms  for  a  IS4  -  2p5  transition  as  measured  by  the  plasma  modulation 
technique. 

The  optogalvanic  signal  is  obtained  with  the  experimental  set-up  shown  in  Fig.  1(b),  by  using 
wavelength  modulation  spectroscopy  The  diode  laser  modulation  frequency  is  1.3kHz.  The  first 
harmonic  signals  of  xenon  transition  at  828.239nm  are  used  to  carry  out  the  measurement.  Fig.3(a)  shows 
the  first  harmonic  optogalvanic  signal  and  Fig.3(b)  the  corresponding  signal  in  the  second  harmonic. 


3.  EXPERIMENTAL  RESULTS 

As  a  result  of  laser  light  absorption,  excited  xenon  atoms  on  level  IS4  change  into  excited  xenon 
atoms  on  level  2p5.  From  either  of  these  excited  states,  xenon  atoms  can  be  ionised  by  electron  collisions, 
the  corresponding  cross  sections  being  c(  1 S4)  and  a(2p5). 

When  laser  light  with  a  wavelength  corresponding  to  the  transition  IS4  -  2p5  of  xenon  atoms  is 
absorbed,  the  relative  value  of  the  laser  light  absorption  signal  in  plasma  modulation  absorption  method 
IpM  is: 

IpM=Io“I  (1) 

where  lo  is  the  photodetector  signal  when  plasma  is  off  and  I  the  corresponding  photodetector  signal 
when  plasma  is  on.  The  value  of  Ipm  is  directly  proportional  with  the  density  [Xe(ls4)]  of  the  excited 
xenon  atoms  on  level  IS4: 

IpM=K.[Xe(ls4)]  (2) 

where  K  is  a  constant. 

Absorption  of  the  laser  light  leads  to  a  population  depletion  on  level  IS4  and  a  simultaneous 
increase  in  population  on  level  2p5.  This  changes  the  balance  of  ions  which  are  generated  via  electron 
collisions  with  the  excited  xenon  atoms  on  these  levels.  Consequently,  a  change  in  plasma  properties,  e.g. 
an  increase  in  or  decrease  of  the  electrical  conductivity,  is  observed  upon  laser  light  absorption 
(optogalvanic  signal). 

In  a  first  approximation,  the  optogalvanic  signal  loo  is  given  by  the  relation; 

loG  =  kane[Xe(ls4)][(o(2p5)v)-(o(lS4)v>]+kb[Xe(lS4)][M]  (3) 
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where  k,  is  a  constant,  n*  the  electron  density  and  (cv)  the  averaged  cross-section  over  electron 
distribution  function^  (EDF)  for  the  ionisation  of  excited  xenon  atoms,  while  kb  is  the  rate  constant  for 
second  kind  collisions  and  [M]  is  the  density  of  atoms  regardless  of  their  nature. 

As  the  optogalvanic  signal  arises  upon  optical  pumping  to  upper  state  of  the  excited  xenon  atoms 
and  since  the  density  of  these  pumped  atoms  is  directly  proportional  with  Im  (see  eq.(2)),  we  may 
consider  the  ratio  Ioo^pm  as  the  efficiency  of  the  optogalvanic  effect  Effix?.  So  we  have 

Effoo  =  (-I) 

IpM 

a  value  proportional  with  the  size  of  the  optogalvanic  effect  for  one  absorbed  photon. 

From  eq.(4)  we  see  that  this  efficiency  of  the  optogalvanic  effect  can  be  measured  experimentally. 

If  equations  (2)  and  (3)  are  taken  into  account,  we  obtmn: 

EffoG  =^ne[(o(2p5)v)-(o(lS4)v)]  +  ^[M]  (5) 

which  shows  the  dependence  of  the  optogalvanic  efficiency  on  the  elementary  processes  taking  place  in 
the  discharge. 

Fig.4  gives  the  values  of  the  optogalvanic  signal  Iog  and  absorption  signal  Ipm,  as  measured  in 
various  positions  of  the  incident  laser  light  in  the  cathode-anode  space  for  the  following  experimental 
parameters: 

total  gas  mbrture  pressures  5  torr;  10  torr 
gas  mixture  xenon-neon 

xenon  concentrations  5  %;  10  %;  20  %;  100  % 

discharge  currents  1  mA;  3  mA;  5  mA 

In  the  case  of  pure  xenon,  both  the  absorption  signal  and  the  optogalvanic  one  have  maximum 
values  near  the  cathode.  This  maximum  moves  away  from  the  cathode  as  neon  is  added  to  xenon  as  can 
be  seen  for  xenon  concentrations  of  10%  and  20%.  On  further  xenon  dilution  in  the  neon-xenon  mixture, 
the  maximum  of  the  curve  moves  back  near  the  cathode  as  illustrated  by  the  curve  corresponding  to  a 
xenon  concentration  of  5%. 

In  Fig.5,  we  plotted  optogalvanic  efficiency  (as  earlier  defined)  versus  the  position  of  the  incident 
laser  beam  in  the  interelectrode  space.  It  is  interesting  to  note  that,  while  for  5%  and  100% 
concentrations  of  xenon,  the  efficiency  of  the  optogalvanic  effect  increases  in  a  practically  continuous 
manner  from  cathode  to  anode,  in  the  case  of  10%  and  20%  concentrations  of  xenon,  a  minimum  value  is 
observed  in  the  middle  area  of  the  interelectrode  space,  with  the  curves  increasing  in  both  (firections  (to 
cathode  and  anode). 


4.  DISCUSSION  OF  THE  RESULTS 

The  shape  of  the  experimentally  obtained  distribution  curve  of  the  relative  density  of  the  exdted 
xenon  atoms  Xe(ls4)  along  the  interelectrode  space  of  a  d.c.  discharge  in  pure  xenon  gas  can  be 
accounted  for  by  inelastic  electron  collisions. 

The  excitation  and  ionisation  of  the  atoms  are  mainly  produced  by  inelastic  electron  collisions  of 
neutral  or  excited  atoms.  Consequently,  the  density  of  the  exdted  xenon  atoms  in  the  interelectrode  space 
of  a  d.c.  discharge  will  depend  on  EDF.  As  is  well  known,  in  the  case  of  luminescent  discharges,  electron 
density  is  maximum  in  the  cathode  fall  region.  As  a  result,  the  density  of  the  exdted  spedes  vnll  have  a 
maximum  toward  the  cathode.  Due  to  the  values  of  the  filling  gas  pressure,  which  are  in  the  range  of 
5-lOTorr,  the  exdted  xenon  atoms  on  state  lS4  are  coupled  by  collision  with  the  xenon  metastable  state 
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Iss  (energy  difiPerence  0. 12eV).  Consequently,  the  real  lifetime  of  the  excited  Xe(ls4)  atoms  will  be  longer 
than  their  radiative  lifetime,  and  closer  to  the  one  corresponding  to  a  metastable  state.  This  increased 
lifetime  leads  to  a  diffusion  of  these  atoms  away  from  their  place  of  origin  before  de-excitation.  This 
accounts  for  the  distribution  function  of  the  relative  density  of  Xe{ls4)  in  the  case  of  measurements  on 
pure  xenon  discharges. 

When  neon  is  added  to  xenon,  the  density  of  xenon  atoms  decreases  S  up  to  10  times,  which 
explains  the  reduction  of  the  absorption  signal  (see  Fig.4(b))  with  the  decreased  xenon  percentage. 

Besides  this  expected  reduction  of  density  of  the  excited  xenon  atoms,  a  change  in  their 
distribution  can  also  be  observed  in  the  interelectrode  space,  including  a  shift  of  the  curve  maxima  away 
from  the  cathode.  Such  a  behaviour  can  be  considered  the  result  of  second  kind  Penning  collisions 
between  neon  atoms  in  the  metastable  state  Ne*(m)  and  xenon  neutrals  according  to  the  reaction; 

Ne*(m)+Xe->  Xe"+Ne+e  (6) 

Indeed,  for  the  gas  mixture  used  in  this  experiment,  the  concentration  of  the  neon  atoms  is  much  higher 
than  that  of  xenon  atoms  and  the  density  of  neon  atoms  in  the  metastable  state  will  be  accordingly  high. 
Given  the  lifetime  of  metastable  neon  atoms  of  around  1  sec.^  and  their  density  decrease  in  the  proximity 
of  electrodes  (wall  de-exdtation),  we  may  expect  a  maximum  density  of  the  metastable  neon  atoms  in  the 
middle  of  the  interelectrode  distance.  The  xenon  ions  resulting  from  reaction  (6)  can  be  a  source  for 
excited  xenon  atoms  on  state  ls4  as  a  result  of  the  radiative  recombination  of  xenon  ions  and  the 
subsequent  reactions; 


Xe^+e+M^Xe(2pi)+M 

(7) 

Xe(2pi)  -^Xe(ls$)+hv 

(8) 

Xe(ls5)+Xe-4Xe(ls4)+Xe 

(9) 

where  M  is  a  heavy  particle  (Ne  or  Xe). 

Because  the  process  described  by  eq.(6)  depends  on  the  product  [Ne]-[Xe],  it  follows  that  there 
must  be  an  optimum  Ne-Xe  mixture  (described  by  the  Xe  percentage)  for  which  the  shift  in  distribution 
function  is  maximum. 

Indeed,  Fig.4(b)  shows  that,  as  xenon  percentages  in  neon  are  reduced  to  5%,  the  maximum 
distribution  for  Xe(lS4)  moves  back  toward  the  cathode. 

The  dependence  of  the  optogalvanic  signal^  (OGS)  on  the  position  between  cathode  and  anode  is 
different  from  the  density  distribution  of  the  excited  atoms  on  level  IS4  in  spite  of  the  fact  that  the  OGS 
signal  is  generated  precisely  upon  Xe(ls4)  optical  pumping  to  the  upper  state  2p5.  This  proves  the  change 
in  plasma  conductivity  due  to  the  increased  concentration  of  excited  xenon  atoms  on  level  2p5  is  not 
directly  proportional  with  this  increase. 

This  fact  is  well  illustrated  when  we  plot  the  optogalvanic  efficiency  dependence  on  the  position  in 
the  discharge  space.  As  we  can  see,  the  results  for  5%  xenon  in  neon  (as  well  as  those  for  100%  xenon) 
clearly  differ  in  shape  from  those  for  xenon  concentrations  of  20%  (and  10%). 

The  optogalvanic  effect  depends  on  a  number  of  elementary  processes  leading  the  optically 
pumped  xenon  atoms  on  the  upper  level  2p5  to  an  ionised  state.  According  to  eq.(5),  such  processes 
could  be  electron  collisions  and  heavy  particle  collisions.  The  results  (see  Fig.5)  clearly  show  that  in  the 
case  of  10%  and  20%  xenon  in  neon,  the  interaction  between  neon  and  xenon  is  the  dominant  process, 
while  for  100%  xenon  (>\4iere  we  cannot  have  any  interaction  between  heavy  particles)  as  well  as  for  5% 
xenon  in  neon,  we  have  electron-collision  ionisation  as  a  dominant  process. 

In  the  case  of  pure  xenon,  it  is  electron-collision  ionisation  that  is  mainly  responsible  for  the 
ionisation  of  excited  xenon  atoms  on  the  upper  state.  In  other  words,  if  we  consider  eq.(3),  it  is  the  first 
term  that  is  dominant. 
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By  contrast,  in  the  case  of  a  neon-xenon  mixture  with  xenon  concentrations  of  10%-20%,  the 
main  contribution  to  ion  generation  will  be  given  by  second  kind  collisions,  i.e.,  the  second  term  in  eq.(3). 


5.  CONCLUSION 

The  results  prove  that  laser  diode  absorption  spectroscopy  can  provide  the  real  space  distribution 
of  any  excited  species  in  a  plasma. 

The  newly  defined  physical  parameter,  EflFoo,  can  give  information  on  the  processes  taking  place 
in  plasma  on  the  atomic  and  molecular  scales.  It  is  important  that  further  studies  be  conducted  on  the 
discharges  in  neon-xenon  mbctures  which  exhibit,  as  our  experiments  have  shown,  an  interesting 
behaviour  in  the  range  of  10%-20%  xenon  concentration.  This  interest  is  particularly  related  to  a  potential 
use  of  such  mixtures  to  generate  uv  light. 
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Figure  1(a):  Experimental  arrangement  for  d.c.  plasma  modulation  absorption  spectroscopy 
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Figure  1(b):  Experimental  arrangement  for  optogalvanic  spectroscopy 
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Figure  2:  Plasma  modulation  absorption  signal  of  xenon  atoms  for  Is4-2p5  transition 
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Figure  3(a):  First  harmonic  optogalvanic  signal  of  Figure  3(b):  Second  harmonic  optogalvanic  signal 
transition  of  xenon  at  A,=828.239nm  of  transition  of  xenon  at  ^=828.239nm 
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Figure  5:  The  optogalvanic  efficiency  versus  the  position  of  the 
incident  laser  beam  in  the  interelectrodic  space  for 
different  experimental  conditions 
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ABSTRACT 

In  this  paper  we  discuss  the  heat  produced  b>’  the  non-radiative  (multiphonon)  transitions  in  Er:  YAG  laser 
rods,  during  the  optical  pumping,  using  the  mathematical  modelling.  Three  energy-  transfer  processes  (up-conversion 
from  ‘*li5/2,  up-conversion  from  and  cross-relaxation  from  ^83/2)  are  included  in  the  rate  equations.  The  main 
result  of  our  simulation  is  that  for  usual  optical  pump  conditions  (Xenon  flash-lamp,  pumping  pulse  duration  200  - 
300  ps)  more  than  50  %  of  the  absoibed  energy  is  lost  as  heat  in  the  active  medium  and  only  a  small  fraction  (~  1  %) 
is  lost  as  fluorescent  emission. 

keywords:  mid-infrared  laser,  Er^ 


1.  INTRODUCTION 

The  efficient  3-pm  lasing  of  concentrated  erbium  crystals  (laser  transition  V11/2  ^hvi)  is  based  on  very 
effective  re-circulation  of  excitation  inside  the  Er^  ions  system,  due  to  active  energy  transfer  processes  (up- 
conversion  and  cross-relaxation)  Both  the  main  up-conversion  processes  are  accompanied  by-  strong  multiphonon 
transitions  (degrading  part  of  excitation  energy  in  heat):  the  up-conversion  from  the  terminal  laser  level  Chm  -> 
+  (^13/2  ->■  V15/2)  is  followed  the  non-radiative  transition  V9/2  ->  *I\\a,  while  the  up-conversion  from  the 
initial  one,  ('’/11/2  ->  %si2)  +  Own  ^Fyi),  1^  the  chain  of  non-radiative  transitions  *FiI2  ^53/2. 

Besides,  due  the  to  high  cut-off  frequency  of  the  phonon  spectrum  in  YAG  crystals,  all  the  energy-  levels  involved  in 
the  3-pm  emission  (except  for  V13/2)  decay  mainly  non-radiatively,  generating  an  appreciable  quantity  of  heat. 
Therefore,  the  heat  generated  in  Er:  YAG  laser  rod  crystals  could  represent  an  important  part  of  the  energy  absorbed 
in  the  laser  rod  during  the  optical  pumping.  Recently  the  experimental  study  of  the  heating  of  Er:  YAG  active 
medium  during  optical  pumping,  was  used  as  an  alternative  method  to  the  spectroscopic  and  laser  ones,  to  check  the 
rate  equations  models  and  the  published  spectroscopic  data. 

The  aim  of  this  paper  is  to  use  a  rate  equations  model,  based  exclusively  on  spectroscopic  data,  to  evaluate 
the  heating  effects  produced  in  the  Er:  YAG  laser  rods  by  multiphonon  transitions.  This  study  could  contribute  to  the 
optimisation  of  the  pumping  conditions  and  the  efficiency  of  energy  utilisation  in  S-pm  eibium  lasers. 

2.  NON-RADIATIVE  LOSSES 


2. 1.  Rate  equation  model 

In  concentrated  erbium  crystals  the  kinetics  of  Er^  levels  involved  in  3-pm  lasing  (''/13/2,  ‘‘ha,  *Fga 

and  ‘Sio)  is  described  the  non-linear  system  of  rate  equations: 

(  \ 

—  =  -(a  JO  +  flj,  +  Ojj  +  fljj  +  flj^  +  W54  )Vj  -  CO  JO  Vj  Vo  +  (O22  VJ  + 

^  =  -{O40  +  «41  +  +  «43  +  A  +(^54+  >^54  i 

—  "(cTjo  ®31  ^32  ^32  ')^ i  ^53^5  (^43  ^43)^4  ®50^5^0 
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dN^ 

dt 


(1) 


dN~  /  \  1 

—  "■^^20  ^21  ^21  /■^2  ^52^ 5  4  ^32^3  2X022^2  ^p2^0 

dt 

—flfjoA^j  +  ^51^5  ^41^4  ^31^3  (^21  ^21  )-^2  ”  2C0jjA^j  +  ^ ^N ^N ^  4-  /^pjA^O 


where  iVo  to  Ns  are  the  populations  of  the  "715/2,  "/n/2,  %/2,  ^7^9/2,  and  "^'3/2  (thermalized,  at  room  temperature, 

with  ^H2\\ri),  respectively.  The  coefficients  a^j  and  Wy  are  the  probabilities  of  radiative  and,  respectively, 
multiphonon  (/  7)  transitions  (see  Fig.  1,  Ref.  5).  The  energy  transfer  processes  are  represented  in  Eqs.  (1),  hy  coy 

(for  an  Er  (50  at.  %):  YAG  crystal  cdu  ==  1.3  x  10"^^  cm^  s  \  ©22  =  3.7  x  10‘^^  cm^  s"\  and  ©50  =  1.06  x  10"^^  cm^  s“' 
).  Pumping  is  allowed  in  any  energy  level,  /,  with  the  rate  Rp, . 

At  low  erbium  concentrations,  when  the  effect  of  energy  transfer  processes  could  be  neglected,  the 
probability  of  multiphonon  transition,  Wy ,  is  given  by 

y^y=l/T,-a.  (2) 


where  Tji  is  the  measured  fluorescence  lifetime.  The  radiative  transition  probability,  Oy ,  is  the  sum  of  electric-  and 
magnetic-dipole  transition  probabilities.  The  electric-dipole  contribution  was  evaluated  with  a  modified  Judd-Qfelt 
analysis 


2.  2«  Absorbed  energy 

In  Eqs.  (1)  optical  pumping  is  allowed  in  any  level  i  with  a  pumping  rate 


P  _io^ 

pi 


hv 


(3) 


where  7o  is  the  incident  power  density,  ooi  is  the  maximal  cross-section  of  the  pump  band  /,  hvi  is  the  average  pump 
quantum,  and  is  the  spectral  pump  coefficient  i.  e.  the  superposition  integral  of  the  spectral  dependence  giX)  of 
the  pump  source  and  the  absorption  cross-section,  of  Er^  in  YAG,  with  the  spectral  dependences^)- 

K,  =  J  gMfMdk  (4) 

tAs.  band  i 


For  monochromatic  pump  the  pumping  wavelength  is  chosen  to  correspond  to  the  maximum  in  the  function  J{X), 
However,  in  case  of  polychromatic  pump  (such  as  for  flash  lamp)  we  must  take  into  account  the  contribution  of  the 
various  pump  bands.  This  can  be  done  by  considering  the  normalised  pump  coefficients 


A:...  = 


a.K 

0i  I 


(5) 


A  rather  good  approximation  of  the  flash  lamp  is  the  black  bocfy  of  8000  -  12000  K.  In  Table  1  we  give  the 
calculated  values  of  the  normalised  pumping  coefficients  for  eleven  Sorption  bands  of  Er^  in  YAG,  for  a 

10000  K  black  bo<fy.  It  is  evident  that  about  78  %  of  the  pump  energy  is  absoibed  in  the  0.355  -  0.565  pm  spectral 
range.  Due  to  the  very  rapid  multiphonon  relaxation  of  excitation  from  all  the  levels  placed  above  "5'3/2  on  this  last 
level,  we  can  take  «  0.78/?(/)  where  R{t)  is  the  total  pump  rate  of  the  system.  The  value  of  varies  from  0.71 

to  0.82  for  black  Ixxfy  temperatures  from  8000  to  12000  K. 
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Table  1.  Spectral  pumping  coefficients  of  Er:  YAG  for  pumping  with  Xenon  flash 
lamp  approximated  with  a  black  bo<^  with  T  =  10000  K. 


Absorption  transition 

Wavelength  range  (pm) 

'*/l5/2  "^^9/2,  ^K-[S//2 

0.355-0.375 

0.1309 

V15/2  —>  "*^11/2 

0.375  -0.390 

0.2940 

^^15/2 

0.400  -  0.420 

0.0364 

0.435-0.465 

0.0500 

0.480-0.505 

0.0970 

V15/2  ^H2\\/2 

0.515-0.540 

0.1473 

^hsa  ^  ^*^3/2 

0.540-0.565 

0.0225 

0.640  -  0.680 

0.1219 

^hsn  %/2 

0.780-0.860 

0.0167 

^h5!2-^^h\{2  ! 

0.940-  1.030 

0.0275 

V15/2  V13/2 

1.440-  1.580 

0.0553 

The  total  energy  absoibed  effectively  b>^  the  Er:  YAG  crystal  during  the  pump  duration,  At,  in  case  of 
polychromatic  pumping  is  given 


(6) 


This  equation  assumes  that  the  incident  pump  power  density  lo  is  the  same  in  all  the  points  of  the  sample.  However, 
in  the  case  of  the  strongly  absorbing  systems,  such  as  concentrated  Er  crystals,  marked  departures  from  the  uniform 
pump  picture  could  take  place. 

2. 3.  Non-radiative  losses 

In  crystals  with  high  phonon  energies  (such  as  the  oxides)  the  very  efficient  electron-phonon  interaction 
leads  to  an  almost  complete  non-radiative  relaxation  of  excitation  between  close  levels.  We  can  distinguish  four  main 
contributions  to  the  non-radiative  (multiphonon)  losses  of  the  energ>^  absorbed  during  optical  pumping  of  the  laser 
rod: 

(/):  The  fraction  of  pump  energ>^  lost  by  multiphonon  relaxation  from  the  lev^els  above  "*53/2  is  given  by 

R{t)N,it)dt  (7) 

/=6  0 


where  (with  /  =  6  to  1 1)  are  the  photon  energies  corresponding  to  the  energy  difference  between  the  pump  level 
and  '^S'3/2  (pump  quantum  defects). 

(//■)  The  energy  lost  in  the  multiphonon  relaxation  from  the  metastable  levels  1  to  5: 


7(2) 


4t 


(8) 


(///)  The  loss  due  to  up-conversion  processes  ending  above  the  level  %/2*  such  a  process  is  the  co-operative 
up-conversion  ©22  from  level  ^lun  (labelled  by  2  in  our  model)  which  ends  up  on  the  level  '^Fn/2  Oabelled  by  6)  from 
which  it  relaxes  completely  on  %/2: 
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(9) 


=l®22-^'2(f)K5^f 
0 

(/v)  the  energetic  balance  of  the  energy  transfer  processes  ending  below  '^5’3/2.  By  using  the  thermal  centres 
of  gravity,  defined  as 

J  "  Xexp[-(£:^ -£,,)/ 

/ 

instead  of  usual  baricenters,  we  have: 

-  an  energy  excess  in  the  up-conversion  from 

=  2  X  £,(  -[£,(  +  ^,3,,)]  »  778  cm’' 

which  corresponds  to  generation  of  heat; 

-  an  energy  deficit  in  the  cross-relaxation  from  ^53/2: 

=  [£.( %2 )  +  Eb{ 'hsn )]  - [Esi'hn )  +  E,(^hy, )]  «  -533  cm'’ 
leading  to  an  “absorption”  of  heat.  Thus,  we  can  define  another  contribution  to  the  non-radiative  losses  as 

=  I [«>u^iit)hv.  -oo5oA^o(r)A^5(f)/7v^]rff  (10) 

0 

where  are,  respectively,  the  excess  and  deficit  energy  per  act. 

The  total  main  non-radiative  losses  (in  J  /  cm^)  are  thus 

E^^=t.E^^l  (11) 

Jk==l 

It  is  important  to  note  that  is  included  in  the  total  losses  only  during  the  flash  lamp  pumping  interval,  while  the 
other  processes  act  also  after  the  pump  pulse. 

3.  RESULTS  AND  DISCUSSION 

In  our  simulations  we  have  used  square  pump  pulses  of  various  lengths,  At.  For  square  pumping  pulses  we 
could  consider  that  the  variations  of  temperature,  and,  as  a  consequence,  the  change  of  the  spectral  composition  of 
the  emission  of  the  flash  lamp  are  not  important.  The  non-radiative  losses  /  cm^,  produced  during  the  optical 
pumping,  ftmction  of  the  absorbed  energy,  are  presented  in  Fig.  1  for  monochromatic  and  flash  lamp  pumping.  For 
the  pump  pulse  length  we  have  chosen  the  usual  value  At  =  200  ps.  For  flash  lamp  pumping,  the  non-radiative 
losses,  due  to  the  multiphonon  relaxation  of  the  high  Er^  energy  levels  on  "*53/2,  were  included.  Obviously, 

the  losses  during  the  optical  pumping  are  larger  for  longer  pump  pulse  lengths,  and,  therefore,  shorter  pump  pulses 
are  prefer^le.  Only  small  changes  in  the  dependence  of  the  non-radiative  losses  in  rapport  with  the  spectral 
composition  of  the  pumping  light  are  noted  (Fig.  1). 
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Fig.  1  .Non-radiative  losses  (in  J  /  cm^),  function  of  absoibed  energy,  for  monochromatic  (open 
symbols)  and  flash  lamp  (solid  symbols),  approximated  b^'  a  10000  K  black  body  pumping. 

Since  the  value  of  the  up-conversion  parameter  ©22  is  still  questionable  it  is  interesting  to  appreciate  its 
effect  on  the  non-radiative  losses  during  the  optical  pumping.  This  is  illustrated  in  Fig.  2.  Thus,  for  ©22  =  0  the  heat 
generated  represents  approx.  50  %  of  the  absoibed  energv,  while,  for  a  ratio  ©22  /  ®n  =  2.85  (corresponding  to  the 
value  given  in  Table  2,  ©22  =  3.7  x  lO’^^  cm’^  s'*)  the  heat  represents  ~  70  %  of  the  absorbed  energy.  This  can  be 
explained  1^  the  important  contribution  of  the  multiphonon  transition  ''53/2  (Eq.  (9)).  The  radiative  losses, 

estimated  with  our  rate  equation  model,  are  inferior  to  0.08  %  of  the  absorbed  energ>\ 


Fig.  2.  Non-radiative  losses  fimction  of  the  pump  energy  (flash  lamp  10000  K)  for  various  ratios 
(®22  /  cDii)  of  the  up-conversion  parameters. 

The  energy  stored  in  a  cm^  of  active  medium  at  the  moment  of  time  t  is 

=  (12) 
J=1 
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where  hvf  corresponds  to  the  thermal  centers  of  gravity,  Ef .  Due  to  the  large  non-radiative  losses,  the  efficiency  of 
energy  storage  (the  ratio  /  E^,^)  depends  on  the  pump  pulse  duration.  This  is  illustrated  in  Fig.  3, 

for  flash  lamp  pumping.  Though  the  shortest  pump  pulses  produce  the  highest  efficiency,  constructive  limitations  of 
the  flash  lamps  and  the  shift  of  the  spectral  composition  of  the  emitted  light  toward  shorter  wavelengths  (increasing 
higher  current  densities,  lead  to  an  optimal  value  of  ~  200  ps  for  the  pump  pulse  duration. 


Fig.  3.  Efficiency  of  the  energy  storage  in  the  active  medium  function  of  the  pumping  pulse 
duration  (flash  lamp  jnimping,  square  pulses).  The  pumping  rate,  R(t)  was  chosen  to  have  the 
same  absorbed  energy  (in  our  example,  20  J  /  cm^)  for  various  pumping  pulse  duration  (100, 
200,  300,  400,  and  500  ps).  The  continuous  solid  line  represents  a  fitting  with  a  third  degree 
polynom. 


4.  CONCLUSIONS 

The  non-radiative  losses,  associated  with  various  multiphonon  transitions  and  the  off-resonance  of  the 
energy  transfer  processes,  produced  during  the  optical  pumping,  are  defined  and  evaluated.  Comparatively  with  non- 
radiative  losses,  the  radiative  ones  are  negligible.  For  Er:  YAG  crystals,  with  high  phonon  energies,  an  important 
part  of  the  energy  absorbed  during  the  optical  pump  is  lost  in  non-radiative  transitions,  heating  the  laser  rod  and 
reducing  the  overall  laser  efficiency.  A  major  contribution  to  the  heat  generation  is  given  by  the  multiphonon 
transitions  following  the  up-conversion  processes. 
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ABSTRACT 

Some  interesting  experimental  results  involving  new  synthesized  liquid  crystals,  derivatives  of  4,4’-dihidroxyazobenzene 
and  4,4’-dihidroxy-azoxybenzene  inferred  by  means  of  optical  absorption  spectroscopy  are  exposed.  The  absorption  spectra 
dependence  on  the  sample  temperature  in  both  heating  and  cooling  processes  is  investigated.  At  the  same  time,  the  optical 
density  is  recorded  at  a  fixed  wavelength  and  it  presents  significant  variations  at  phase  transition  temperatures.  These  data 
complete  the  results  correlated  with  mesomorphisni,  obtained  by  classical  techniques  (DTA  and  microstructural  analysis  in 
polarized  light). 

Keywords:  liquid  crystals,  azo  and  azox>^  derivatives,  phase  transitions,  optical  absorption  spectroscopy 

1.  INTRODUCTION 

Azo  and  azoxybenzene  with  different  substituents  at  the  end  of  the  molecule  constitute  a  large  group  of 
mesomorphic  substances.  It  is  of  great  interest  to  investigate  the  influence  of  the  molecular  structure,  particularly  the 
nature  of  terminal  groups,  on  the  mesomorphic  properties  and  also  on  the  spectroscopic  manifestations. 

Etheric  and  esteric  derivatives  of  the  4,4 -dihidroxy azobenzene  and  4, 4'-dihidroxy azoxybenzene  have  been 
extensively  studied  due  to  the  fact  that  some  of  these  substances  present  mesophases  and  are  deeply  colored.  The 
electronic  transitions  ti  7t*  determine  the  appearance  of  K-bands  in  the  spectra  within  a  range  of  340-37()nm  with 
relatively  increased  values  for  the  extinction  molar  coefficient  e . 

The  azo-  and  azoxy-  type  compounds  which  form  liquid  crystals  can  exist  in  cis-  or  trans-  forms.  Azo  compounds 
can  be  photochemically  converted  to  the  cis-  form  under  certain  conditions.  Only  the  trans-  isomers  of  these  compounds 
have  been  found  to  be  mesomorphic. 

The  aromatic-aliphatic  azoethers  have  been  widely  presented  in  literature.  However,  the  research  on 
aromatic-aromatic  azoethers  is  missing  at  the  present  stage. 

The  majority  of  the  liquid  crystals  consist  of  one  or  more  aromatic  rings.  These  rings  also  have  the  primaiy' 
contribution  to  optical  properties  as  absorption  and  refractive  indices  of  the  liquid  crystals.  In  the  off  resonance  region  e.g. 
in  the  visible  spectrum,  both  scattering  and  absorption  are  decreased  as  follows:  the  scattering  decreases  as  and  the 

absorption  even  more  drastically.  Consequently,  the  scattering  tends  to  dominate  the  transmission  losses.  In  order  to  obtain 
an  accurate  absorption  in  the  visible  spectmm,  these  type  of  losses  must  be  taken  into  account  in  the  measuring  techniques. 
In  conventional  transmission  measurements,  the  energy  conservation  law  leads  to: 

Pin  =  PR,  +Ps+Pabs+PR2+Pt 

where:  is  the  incident  power,  Pj^  ^  -  the  reflected  power  at  the  front  surface,  Pj^^  -  the  reflected  power  at  the  rear 

surface,  Pg-  the  scattered  power  due  to  the  liquid  crystal,  P^^s  ‘  the  absorbed  power  due  to  the  liquid  crystal.  Pt-  the 
transmitted  power. 

The  absorption  of  liquid  crystal  in  the  off-resonance  region  has  several  important  bearings  on  liquid  ciy^stal 
devices.  First,  for  example,  in  the  electro-optic  modulation  of  high  power  laser  beams,  the  absorbed  energy  from  laser  is 
transferred  to  heat  and  subsequently  warms  up  the  molecules.  Consequently,  the  order  parameter,  viscosity,  elastic 
constant,  dielectric  anisotropy,  etc.,  are  reduced.  These  changes  will  influence  the  performance  of  the  devices  in  very 
unpredictable  manners.  Second,  the  absorption-induced  thermal  lensing  effect  may  interfere  with  other  optical 
field-induced  effects.  Third,  the  absorption  of  short  wavelength  photons  may  trigger  some  inter-molecular  chemical 
reactions  leading  to  degradation  and  shortening  of  the  lifetime  of  the  devices. 
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2.  EXPERIMENTAL  METHOD  AND  RESULTS 

In  this  section  we  present  our  studies  concerning  the  polymorphism  and  visible  absorption  spectroscopy  of  some 
new  synthesized  compounds,  derivatives  of  4,4’-dihidrox7azoben7cnc  and  4,4'-dihidro\yazoxybcnzcnc'  ^ 

These  compounds  were  prepared  using  two  methods:  condensation  of  sodium  salt  of  4,4'-dihidroxyazox7benzene 
with  monochloromethilated  deri^^atives.  or  by  oxidation  of  the  corresponding  azobisethers  with  hydrogen  peroxide  in  the 
presence  of  acetic  acid.  These  substances  exhibit  liquid  ciy  sta!  phases  due  to  the  long  rigid  rod  shape  of  the  molecules  and 
to  the  presence  of  the  azoxT  mezogene  rigid  bond. 

Up  to  present,  we  have  investigated  the  polymorphism  of  the  above  mentioned  compounds  by  microstructural 
analysis  with  polarized  light  and  also  by  differential  thermal  analysis.  Studying  the  polymorphism  of  these  substances,  at 
heating  and  cooling,  two  smectic  phases  and  one  nematic  phase  were  obscived.  as  follow's:  K  S3  ^  N  <->  I.  The 

identification  of  the  S3  phase  was  made  only  by  the  DTA  plots,  for  a  low'  heating  and  cooling  speed. 

The  spectroscopic  method  was  suggested  as  a  way  to  determinate  the  temperature  dependence  of  optical 
transmission  in  the  visible  and  ultraviolet  domains  for  liquid  crv^stals  in  different  phases,  as  smectic,  nematic  and 
isotropic.  We  used  this  method  in  order  to  study  the  phase  transitions  for  the  above  mentioned  compounds. 


Fig.  1  The  experimental  set-up. 

1)  Liquid  crystal  sample.  2)  Termocouple.  3)  Electric  microscope  hot  stage  4)  Digital  termometer.  5)  Temperature 
controller.  6)  Optical  fiber.  7)  Holographic  grating.  8)  Linear  CCD  detector.  9)  Pulse  generator.  10)  Scope.  11)  Computer 
with  A/D  and  D/A  interface. 

The  samples  were  conventionally  prepared,  namely  the  substance  was  encapsulated  by  capillarit>  in  12|im 
thickness  cells  with  parallel  plane  plates.  The  cells  w^ere  therm ostated  using  a  special  computer-controlled  hot  stage  placed 
in  a  MC5-A  microscope  allowing  simultaneous  microstructural  obscivations.  The  temperature  was  measured  with  0.01 '^C 
precision,  using  a  KEITHLEY  2000  digital  multimeter,  a  stability  around  ±0.05C  being  obtained  by  a  phase  controlled 
device  with  a  PID  algorithm.  Using  an  optical  device  the  light  beam  was  focused  on  a  Imm-diameter  optical  fiber  and  was 
transmitted  to  a  spectrophotometer  equipped  with  a  1200  grooves/mm  holographic  grating  and  a  512  points  linear  CCD 
detector.  The  detector  output  was  connected  to  the  computer  through  an  DAS  1601  Keithle>'  Mctrabite  interface  in  direct 
memory  access  mode  for  a  high  speed  data  acquisition.  The  signal  was  also  monitored  on  a  scope.  The  exposure  time  was 
established  by  a  Tektronics  pulse  generator  in  the  range  of  1  ms  -  10  s.  For  the  wavelength  calibration  of  the 
spectrophotometer,  wc  used  ten  dichroic  filters,  the  wavelengths  being  in  the  400  -  720  nm  interval.  The  background 
signal  was  excluded  by  numerical  processing  and  the  spectral  sensibility  of  the  CCD  detector  was  tacked  into  account. 

Using  this  experimental  set-up  we  have  recorded  optical  transmission  spectra  in  the  range  400-850nm,  as 
function  of  the  sample  temperature,  corresponding  to  different  mesophases.  In  Fig.  2  we  present  the  results  obtained  at 
heating,  for  4,4'-bis(4-chlor)benzyloxyazoxybenzene,  a  representative  compound  for  the  entire  class  of 
4,4’-dihidroxyazoxybenzene  derivatives.  One  may  sec  two  relatively  sharp  maxims  in  the  transmission  specter,  for  1,  N  and 
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mesophases,  while  the  maxims  which  correspond  to  the  solid  phase  and  to  S3  mesophase  are  quite  broad.  The  shape 
of  the  spectra  is  identically  reproduced  at  heating  and  cooling,  for  the  same  mesophases. 

For  an  accurate  determination  of  the  phase  transition  temperature,  we  recorded  the  temperature  dependence  of  the 
transmitted  light  intensity  for  the  wavelength  value  which  corresponds  to  the  best  spectra  resolution.  These  dependencies 


are  shown  in  Fig  3,  4,  for  the  above  mentioned  compound,  at  heating  and  cooling  respectively;  studying  this  curves,  one 
may  see  that  there  is  an  undercooling  for  the  and  S3  mesophases.  According  to  microstmctural  analysis,  the 
minimum  from  the  200°C  point  on  the  cooling  curve  corresponds  to  appearance  of  the  schlieren  texture,  starting  from  the 
droplets  texture,  in  nematic  mesophase.  For  the  4,4 -dihydroxyazobenzene  derivatives,  we  may  notice  that  the  wavelengths 
corresponding  to  the  transmission  maxims  are  modified  and  that  they  are  sharper  than  the  ones  obtained  for  the  similar 
compounds,  the  4,4'-dihydroxyazoxybenzene  derivatives.  Fig.  5  presents  the  spectra  measured  for  the  different  phases  of 
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4.4'-bis-(4-clor)benziIo\7azobenzenc,  at  heating.  The  curv  es  given  by  the  temperature  dependence  of  the  transmitted  light 
arc  similar  to  the  ones  obtained  for  the  related  azoxy-derivatives. 

This  way  we  were  able  to  obseix^e  the  dependence  of  the  absorption  spectra  on  temperature  during  heating  and 


cooling  and  the  variation  of  optical  densiW  with  temperature  at  a  fixed  wavelengthat  at  the  same  time.  The  significant 
modifications  recorded  correspond  precisely  to  the  phase  transition  temperatures. 
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ABSTRACT 

The  photoluminescence  (PL)  decay  measurements  were  performed  on  porous  silicon  films.  It  was 
observed  that  the  two  components  of  PL,  one  of  them  fast  (ns)  and  the  other  slow  (|.is  or  ms  sometimes) 
have  different  contributions  to  PL  signal,  depending  on  the  wavelength  of  the  excitation  light. 

The  slow  component  of  PL  was  in  details  investigated.  Time  decay  cures  for  different  excitation 
(337.1  nm,  470  nm  and  550nm)  and  emission  (550,  650,  700,  800  and  860  nm)  wavelengths  and  also  for 
different  excitation  intensities  were  taken.  All  decay  curves  were  fitted  with  a  stretched  exponential.  The 
slow  component  of  PL  was  proposed  to  be  attributed  to  the  radiative  recombination  on  surfaces. 

Keywords:  porous  silicon,  photoluminescence,  decay  time 


1.  INTRODUCTION 

The  fact  that  porous  silicon  (PS)  with  high  porosity  can  efficiently  emit  visible  light  at  room 
temperature  has  generate  enormous  interest  in  this  material,  for  its  possible  optoelectronical  applications*. 
Extensive  experimental  efforts  have  been  carried  out  to  characterize  this  material  and  to  understand  the 
origin  of  the  visible  photolummescence  (PL),  using  a  large  variety  of  measurement  techniques.  How'ever 
the  origin  of  the  bright  visible  light  emitted  from  PS  is  still  controversial. 

There  are  some  models  already  accepted  that  can  explain  some  features  of  the  photoluminescent 
properties  of  PS*'^.  The  most  accepted  model  ^  considers  that  the  efficient  visible  PL  is  due  to  both,  the 
quantum  confinement  of  the  carriers  into  the  Si  crystallites  with  nanometric  size  and  also  to  the 
recombination  on  surface  states.  It  is  already  accepted,  that  on  the  internal  surface  of  PS  there  are  a  lot  of 
radiative  recombination  centers  created  either  by  the  adsorption  of  molecules/atoms,  or  created  by  the 
network  stress. 

In  this  paper  the  photoluminescence  decay  time  measurements  were  carried  out  on  PS  films,  in  the 
aim  to  obtain  much  information  about  the  physical  mechanism  of  visible  bright  photoluminescence. 


2.  EXPERIMENTAL 

The  photoluminescence  decay  curves  at  liquid  nitrogen  temperature  (LNT)  for  different  excitation 
and  emission  wavelengths,  were  taken  on  PS  samples.  These  samples  were  prepared  by  anodisation 
etching  from  p-type  (100)  Si  wafers  with  the  resistivity  of  5—7  Qcm'*.  Because  after  the  etching  the 
samples  have  not  PL,  a  PL  activation  process  was  made.  All  sample  has  the  same  average  porosity  of 
about  72-76%,  gravimetrically  determined  and  a  thicknesses  of  about  lOOpm.  They  were  measured  after 
storage  in  air  for  more  than  3  weeks. 

The  PL  spectra  in  90®  measurement  geometry  under  pulse  excitation  were  recorded.  A  nitrogen  or 
dye  laser  as  a  pulse  excitation  source  were  used.  (The  pulse  duration  was  4  ns.).  PL  decay  curv^es  were 
performed  using  a  Tektronix  TD320  oscilloscope.  Certain  precaution  to  avoid  the  photodegradation  of 
samples  were  carried  out  by  a  controlled  attenuation  of  excitation  light  intensity. 
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3.  RESULTS  AND  DISCUSSION 

It  is  well  known  that  there  are  two  components  of  PL,  one  of  them  fast  (ns)  and  the  other  slow  (tis  or 
ms  sometimes).  The  two  components  have  different  contributions  to  PL  signal,  depending  on  the 
wavelength  of  the  excitation  light.  The  slow  component  contribution  increases  with  the  increase  of  the 
excitation  wavelength  from  UV  to  visible  spectrum,  as  it  can  be  seen  in  Fig.l  for  measurements  at 
X.eniiss!on=  760  nm  and  ?iexcitation=  337.1  nm,  470  nm  and  550  nm. 


Fig.  1  Decay  time  of  PS  film  (a  -  normalized  and  b  -  unnormalized  cun^es) 


The  origin  and  the  mechanism  that  determine  the  appearance  of  slow  and  fast  PL  components  are  still 
discussed.  If  it  is  considered  that  the  origin  of  PL  is  the  radiative  recombination  inside  the  Si  skeleton 
(without  the  participation  of  trapping  centers),  a  bimolecular  process  takes  place  described  by  the 
following  expression: 

I(t)=cen^y(J+  cmoty^lo/p+(t'T)f  (1) 

where  T=l/ano  is  a  time  constant  that  characterizes  the  PL  decay. 

Typical  for  this  process  is  a  fast  decay  time,  whose  value  decreases  with  the  increase  of  excitation 
light  intensity  ( the  number  of  the  free  carriers  no  increases). 

If  the  traps  participate  to  this  recombination  mechanism,  the  mechanism  will  become  monomolecular 
and  the  PL  decay  will  be  described  by  an  exponential  law: 

I(t)=  l^Xp[-(t/Tra^J  (2) 

In  this  case  the  radiative  lifetime  trad  will  be  a  measure  of  the  carriers  lifetime  on  the  trapping  level. 

Unfortunately,  any  one  of  the  above  described  processes  can  not  fit  the  PL  decay.  A  superposition  of 
these  two  processes  fits  very  well  the  slow  component  of  the  decay  curve.  Such  mechanism  occurs  with 
minor  probability  because  the  typical  dependence  of  the  decay  time  for  bimolecular  emission  versus  the 
excitation  light  intensity  (the  decrease  of  decay  time  with  the  increase  of  excitation  light  intensity)  was  not 
observed.  In  Fig.2  the  decay  curves  of  PL  for  three  excitation  intensities  at  Xexcitation=337.1  nm  and 
?temission=800  nm  are  presented. 

On  the  other  hand  it  is  normal  to  suppose  the  existence  of  a  very  large  number  of  localized  trapping 
states,  resulting  from  the  behaviour  of  the  radiative  lifetime  dependence  versus  the  emission  and 
excitation  wavelengths  (calculated  from  eq.(2)). 
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An  appropriate  fit  for  our  experimental  data  of  the  slow  component  of  PL  consists  of  a  stretched 
exponential  function; 

I(t)=loexp[-(t/r/j,  0<P<1  (3) 

where  x  is  the  decay  time  and  3  is  a  dispersion  factor. 


0.00  S.SOxlO’'*  7.00x10''*  1.05x10'^  0.00  3.50x10''*  7.00x10''*  1.05x10'^ 


a)  Time(s)  b)  Time  (s) 

Fig.  2  Decay  time  of  PS  films  for  different  excitation  energy  (a  -  normalized  and  b  -  unnormalized) 

The  wavelength  dependence  of  x  and  3  parameters  are  shown  in  Fig.  3.  It  is  observed  that  decay  x  as 
well  as  3  have  different  behaviour  for  the  two  excitation  wavelengths,  ^excitation=  337.1  nm  and  550  nm. 
For  X,excitation=  550  nm  the  values  of  both  parameters  decrease  with  the  increase  of  the  energy,  in 
comparison  with  the  behaviour  for  X-excitation  =  337.1  nm,  when  approximately  constant  values  obtained 
between  1.4  eV  and  1.6  eV  are  followed  by  a  decrease  when  the  emission  energy  increases. 


Enei®?  (eV)  Enei^y  (eV) 

Fig.3  The  energy  dependence  of  the  decay  time  and  of  the  dispersion  factor 

These  results  could  be  explained  supposing  that  in  the  upper  layer  of  PS  film  where  X,excitation=337. 1  nm 
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is  absorbed  there  is  only  one  radiative  recombination  level  in  (1.4- 1.6)  eV  range.  When  excitation  light 
penetrates  deeper  (?Lexcitation=  550  nm),  the  free  electron-hole  pairs  created  by  absorption  meets  also 
another  radiative  recombination  centers  situated  deeper  in  the  film,  but  in  the  same  energetical  range.  For 
the  emission  energy  higher  than  1.6  eV,  an  exponential  dependence  of  t  was  obtained; 

T  ~  exp  ( -  Eemis  /  Eo  ),  Eo  -  constant  (4) 

The  above  supposition  is  supported  by  Fig. 4  too.  In  fig.  4a,  for  X.excitation=  337.1  nm  the  slow 
component  weight  is  practically  the  same  for  curves  2,3  and  4  (corresponding  to  the  (1.43  -1.54)  eV)  and 
varies  nonuniform  for  the  curves  1  and  5  (following  the  spectral  dependence  of  PL  spectrum).  For 
A-excitation  =  550  nm,  as  it  can  be  seen  in  Fig.  4b,  the  slow  component  weight  increases  with  the  increase  of 
the  emission  wavelength. 


Fig.4  Decay  time  of  PS  film  for  different  excitation  and  emission  wavelengths 


4.  CONCLUSIONS 

The  origin  and  the  mechanism  of  slow  component  of  PL  are  investigated.  The  slow  component  is 
fitted  by  a  stretched  exponential  function  from  where  the  decay  time  x  and  the  dispersion  factor  p  are 
determined.  From  this  analysis  we  can  conclude  that  this  slow  component  is  due  to  the  radiative 
recombination  on  some  levels  situated  on  the  surface;  one  of  them  (with  energetical  position  in  1.4  -1.6 
eV  range)  is  spatially  situated  in  a  top  layer  corresponding  to  the  penetration  depth  of  ^cxcitation=337.1  nm 
and  many  others  deeper  in  PS  films. 
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ABSTRACT 

A  high  sensitive  photoacoustic  system  has  been  developed  to  monitor  the  ethylene  released  by  mature  tomatoes  and 
wheat  seeds  during  germination  as  a  response  of  fast  ejEfects  of  mechanical  and  thermal  stress.  Under  normal  conditions  of 
temperature  and  pressure,  the  coronet  removal  yielded  a  significant  increase  of  ethylene  emission  as  compared  to  the  local 
wounding  of  tomato  tissues. 

To  determine  the  temperature  influence  on  ethylene  emission  rates,  both  tomatoes  and  germinating  wheat  seeds 
were  investigated  at  cold  treatment  (4°C)  and  at  room  temperature  (22°C).  Early  changes  in  ethylene  released  after 
imbibition  in  connection  with  the  physiological  results  of  germination  were  also  monitored. 

The  use  of  the  CO2  laser  photoacoustic  technique  in  plant  physiological  research  is  discussed. 

Keywords:  photoacoustic  spectroscopy^  tunable  CO2  laser,  wounding,  thermal  stress,  ethylene 

1  INTRODUCTION 

In  recent  years,  numerous  studies  have  demonstrated  the  applicability  of  CO2  laser  photoacoustic  (PA)  spectroscopy* 
in  several  new  fields  of  research  like  environmental  sensing^  agriculture  and  biology^"^.  We  have  applied  the  PA  technique 
to  measure  the  ethylene  (C2H4)  released  by  biological  samples  under  stress  conditions.  The  choice  of  C2H4  is  motivated  by 
its  biological  and  environmental  impact.  As  a  gaseous  plant  hormone^  biosynthesised  by  plant  tissues,  it  regulates  many 
plant  processes  and  plays  an  important  role  in  germination,  dormancy*,  growth,  ripening  and  senescence.  Physiological 
disturbances  due  to  “stress”  (wounding,  thermal  etc.)  are  also  followed  changes  in  C2H4  emission^  The  temporal  and 
local  C2H4  production  released  by  mechanically  wounded  tomatoes  and  the  effects  of  low  temperature  on  C2H4  emission 
both  for  tomatoes  and  germinating  wheat  seeds  are  presented. 

The  objectives  for  the  research  reported  here  are:  (a)  monitoring  of  fast  reaction  on  tomatoes  behaviour  following 
the  coronet  removal;  (b)  measuring  of  ethylene  concentration  due  to  the  epidermis  wounding;  (c)  temperature  influence  on 
C2H4  emission  released  by  a  mature  tomato  -  ethylene  emission  for  a  mature  tomato  kept  at  4*^0  and  warmed  up  to  22^*0;  (d) 
ethylene  production  from  germinating  wheat  see^  kept  at  22^C  compared  with  that  measured  at  4‘^C. 

2.  LASER  PA  DETECTION  SYSTEM 

As  a  radiation  source  we  have  used  a  line  tunable  and  frequency  stabilised  CO2  laser,  since  its  emission  spectrum 
overlaps  with  the  absorption  fingerprint  of  C2H4.  It  emits  cw  radiation  with  the  output  power  of  2^8.5  W,  The  long  term 
frequency  stability  is  better  than  3x10'®  and  the  power  stability  is  better  than  10'^  for  all  the  transitions  in  P  and  R  branches 
of  9-^11  pm  range.  The  PA  measurements  were  performed  on  10P(14)  laser  line  (^=10.532  pm),  which  is  the  strongest 
absorption  line  for  C2H4.  A  scheme  of  the  experimental  set-up  is  shown  in  Fig.  1 . 

The  cw  radiation  is  amplitude  modulated  with  an  optical  chopper  (C-980  type,  DigiRad).  After  modulation,  the 
focused  laser  beam  passes  throu^  the  PA  resonant  cell  with  H  geometry,  excited  in  the  first  longitudinal  mode.  The  main 
characteristics  of  the  cell  are  summarised  in  Tablel.  Acoustic  waves  produced  in  the  cell  are  detected  with  four  miniature 
microphones  (Knowles  electret,  BT-1754  type),  connected  in  series.  The  PA  signal,  proportional  to  the  C2H4  concentration, 
is  applied  to  a  lock-in  amplifier  (SR  830  model,  Stanford  Research  System).  An  original  graphical-instrumentation¬ 
programming  software  allows  to  acquire  and  process  the  experimental  data  into  a  convenient  way. 
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Tunable  CO^laser 

^  PA  cell 


Fig.  1  Schematic  of  PA  detection  s>  stem 

Due  to  the  sensitivity  of  the  tissue  even  at  low  C2H4  concentration,  the  gas  must  be  measured  in  a  continuous  flow' 
system  to  prevent  the  accum^ation  induced  effects.  In  the  PA  experiments,  we  have  developed  a  gas  handling  and  mixing 
system  that  allows  the  preparation  of  gas  mixtures  with  known  ratios  and  the  operation  of  PA  cell  in  flowing  regime  in  a 
controlled  manner. 

The  biological  samples  under  investigation  are  introduced  in  a  small  ^ass  cm^ette  with  a  volume  of  150  cm^  and 
flushed  with  synthetic  air  (80%  N2  and  20%  O2)-  at  a  continuous  flow^  of  2  1/h  and  at  total  pressure  of  1  atm.  The  flow^  was 
controlled  b>'  means  of  a  calibrated  flow'  meter  (247  C  model.  MKS  Instruments). 

Table  1.  Characteristics  of  the  PA  cell 


Resonator 

0  6  X  300  mm 

Buffers 

0  57  X  100  mm 

Total  microphones  sensitivity 

40  mV/Pa 

Q-quality'  factor 

16.5 

Cell  constant 

4600  Pa-cm/W 

Responsivity' 

184  V-cmAV 

Resonance  frequency  (nitrogen) 

560  Hz 

For  the  measurement  of  low'  C2H4  concentrations,  it  is  essential  to  take  measures  to  reduce  CO2  and  water  vapours, 
which  introduce  undesired  supplementaiy'  absorption  at  measuring  laser  wavelength.  To  remox^e  CO2  we  have  used  a  special 
trap  with  solution  of  KOH  in  distilled  water  of  10%  concentration  together  with  a  KOH  pellets  scrubber.  An  easy  way  to 
eliminate  water  vapour  is  to  introduce  a  tube  filled  with  P2O5  powder  in  the  flow'  circuit  between  the  sample  cuv^ette  and  the 
PA  cell. 


3.  RESULTS  AND  DISCUSSION 
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The  C2H4  measurements  were  carried  out  with  mature  tomatoes  which  had  an  individual  weight  of  about  50  g.  The 
wounding  effect  produced  removal  of  the  coronet  (consisting  of  pedicel  and  sepals)  at  the  tomato-pedicel  junction  was 
investigated.  An  increase  in  C2H4  emission  is  observable  immediately  after  removal  of  the  coronet  at  t=0  (Fig.2).  The 


stimulation  of  C2H4  production  by  this  form  of  mechanical  wounding  appears  after  a  delay  of  15  minutes  and  disappears 
after  2  hours. 

Due  to  its  role  in  ripening  and  wilting,  the  exit  channels  for  C2H4  may  be  of  special  importance.  Removal  of 
tomatoes  coronet  yielded  a  much  pronounced  effect  as  compared  to  wounding  the  epidermis  region  1^  fold  puncturing  into 
the  tissue  at  about  2  mm  depth  (Fig.  3). 


Fig.  2  The  ethylene  concentration  and  laser  power 
time  dependence  for  removal  of  tomato  coronet 


Fig.  3  The  ethylene  concentration  and  laser  power 
time  dependence  in  (a)  removal  coronet  case 
compared  with  (b)  epidermis  wounding 


These  two  actions  of  wounding  took  place  while  the  tomatoes  were  flushed  with  synthetic  air  and  the  flow  was 
interrupted  momentarily.  The  temporal  aspects  concerning  the  wounded  tissue  of  tomatoes  presented  in  Fig.  2  and  Fig.  3 
have  shown  good  agreement  with  ^ta  already  obtained*  ®. 

Any  organ  or  part  of  plant  is  directly  affected  by  stress,  regardless  which  vegetal  tissue  was  first  hurt.  The  response 
coordination  due  to  stress  and  its  propagation  inside  the  plant  is  realised  by  specific  hormones.  According  to  this  hypothesis, 
the  tomatoes  behavior  following  wounding  is  the  result  of  the  stimulation  of  ACC  synthase'®  activity,  that  provides  finally 
an  increased  C2H4  production. 


EdiyleiuCinic.^pb) 


1ke(iuinrs) 


Fig.  4  The  ethylene  emission  for  a  mature  tomato  kept  at  4°C 
and  warmed  up  to  22°C 


To  estimate  the  effects  of  thermal  stress  on 
C2H4  production,  we  have  monitored  the  ethylene 
emission  for  mature  tomatoes  and  germinating  wheat 
seeds.  Tomatoes  were  taken  from  refrigerator  (4°C)  and 
warmed  up  to  the  laboratoty  temperature  (22°C).  The 
PA  signal,  proportional  with  the  C2H4  concentration, 
was  monitored  during  10  hours  (Fig.  4).  In  order  to 
make  a  comparison  between  the  tomatoes  behaviour 
under  mechanical  wounding  and  thermal  stress, 
attention  was  paid  to  evaluate  the  time  dependence  of 
the  PA  signal  after  the  stress  was  applied.  However, 
the  thermal  stress  also  produces  an  increase  of  C2H4 
emission,  but  the  process  has  a  much  slower  rate  than 
in  coronet  removal  case.  A  significant  increased  PA 
signal  is  observed  only  after  3  hours.  About  the 
temperature  influence  on  tomatoes  behavior  we  can 
note  that  reduced  C2H4  emission  is  obtained  at  low 
temperature. 
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Temperature  is  one  of  the  most  important  external  factors  which  influences  the  seed  germination.  The  germination 
process  needs  different  values  function  of  the  plant  species  and  their  adaptation  during  the  genetic  evolution.  As  we 
mentioned  before,  C2H4  plays  a  specific  role  also  in  germination  process.  For  germinating  wheat  seeds  (Triticum  Sp.),  two 
types  of  short  PA-ethylene-germination  experiments  were  performed  with  seeds  kept  at  22  C  as  compared  to  cold  treated 
(4°C)  seeds. 


Fig.  5  The  ethylene  production  for  wheat  seeds  kept  at  22°C  (♦) 

and  at  4°C  (•) 

The  results  presented  in  Fig.  5  indicate  that  wheat  seeds  kept  at  22°C  begin  to  produce  C2H4  earlier  than  at  4  C. 
Additionally,  the  peak  in  PA  signal  evolution,  associated  with  visible  germination,  has  a  strong  rise  at  22  C.  The  data 
accords  with  plant  physiology  studies  that  established  the  optimum  temperature  needed  for  wheat  seeds  germination  (21  C). 

During  the  growth  of  embryo,  an  accumulation  of  S-adenosyl-methionine  inside  the  seed  which  is  the  direct 
precursor  of  C2H4,  is  produced.  When  the  small  shoot  appears,  the  C2H4  biosynthesis  starts  rapidly,  being  accelerated  by  the 
direct  absorption  of  the  oxygen  at  the  shoot-cell  level.  At  low  temperature,  the  activity  of  ACC  oxidase  is  reduced  due  to 
delayed  permeability  of  the  plasmatic  membrane  and  orpnelles.  In  this  way  the  C2H4  production  is  indirectly  diminished”. 

4.  CONCLUSION 

PA  measurements  with  biological  samples  have  demonstrated  the  strong  connection  between  the  ethylene  emission 
rate  and  the  stress  conditions.  The  sensitive  C2H4  detection  system  allows  to  observe  in  detail  temporary  effects  on  plant 
behavior  under  stress  conditions  and  could  offer  more  information  for  the  plant  physiologv'  research. 

The  studies  of  wounding  and  thermal  stress  effects  are  very  important  from  agricultural  point  of  view  because  the 
fruits  and  vegetables  are  often  damaged  during  growth,  storage  and  transport,  which  can  lead  to  untimely  ripening. 
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ABSTRACT 

Silver  and  copper  double  activated  phosphor  samples  were  synthesised  from  zinc  sulphide  prepared  by  thiosulphate 
method  and  with  a  NaCl-MgCl2  mixture  as  flux.  The  thermal  treatment  was  performed  in  a  protective  atmosphere  at 
900-1100  ®C.  The  samples  were  characterised  by  crystalline  structure  (XRD  patterns)  and  luminescent  properties 
(emission  spectra,  decay  curves).  An  intensification  effect  of  the  copper  green  fluorescence  by  silver  ions  was  put  in 
evidence.  Conditions  for  a  good  green  emitting  phosphor  were  established. 

Keywords:  phosphors,  luminescence,  zinc  sulphide,  luminescent  substances. 

L  INTRODUCTION 

The  incorporation  of  silver  or  copper  (activators)  and  halogenide  ions  (coactivators)  into  the  crystalline  structure 
of  zinc  sulphide  (host  lattice)  generates  phosphors  that  show  intensive  blue  or  green  luminescence  when  excited  by  UV 
radiation,  X-rays,  a  and  P  radiation  or  electronic  beam.  These  ZnS-type  phosphors  with  well  defined  luminescence  and 
morphostructural  characteristics  are  largely  used  in  differenet  devices  of  importance  such  as  cathode  ray  tubes  for  TV- 
Sets,  oscilloscopes  or  image  intensifiers,  electroluminescence  devices  etc.'*^ 

ZnS-type  phosphor  preparation  takes  place  by  the  high  temperature  calcination  of  the  synthesis  mixtures 
consisting  of  luminescent  grade  (l.g.)  zinc  sulphide,  activator  salts  and  alkaline  or  alkaline-earth  halides  as  flux. 
According  to  the  literature  data,  luminescent  properties  depend  on  many  factors  such  as  flux  nature  and  concentration, 
activator  nature  and  concentration,  thermal  synthesis  conditions  and,  to  a  great  extent,  on  the  starting  sulphide 
quality.^’^ 

The  results  concerning  the  conversion  of  ZnS  prepared  Iw  thiosulphate  method  into  silver  or  copper  activated 
phosphors  have  been  presented  in  some  of  our  previous  papers.^^  The  aim  of  the  present  study  is  to  report  some  of  our 
results  concerning  the  simultaneous  activation  of  the  same  ZnS-  type  with  silver  and  copper  ions.  The  literature  data 
offer  rather  few  information  about  both  this  double  activation  of  zinc  sulphide  and  the  use  of  the  thiosulphate  route  in 
phosphor  processing.’ 


2.  EXPERIMENTAL  PART 

Luminescent  grade  (l.g.)  ZnS  was  prepared  from  highly  purified  solutions  of  zinc  sulphate  and  sodium 
thiosulphate.® 

ZnS:Cu,Cl,  ZnS:Ag,Cl  and  ZnS:Cu,Ag,Cl  phosphor  samples  were  prepared  in  the  usual  manner  of  phosphor 
synthesis.’  The  synthesis  mixtures  consisted  of  ZnS  (l.g.),  2.5  wt  %  NaCl  (l.g)  and  2.5  wt  %  MgCl2(l.g.)  and  Cu(N03)2 
and/or  AgN03  in  amounts  corresponding  to  0.47  -^-12.7*  lO'^wt  %  Cu  and  0.10-^-  50.0*  10*^  wt  %  Ag. 

Two  main  samples  series  were  prepared  in  different  firing  conditions.  Sample  series  A  was  synthesised  at  900  ®C, 
in  a  protective  N2  atmosphere;  special  quartz  ampules  were  used  and  open  system  was  achieved.  Sample  series  B  was 
prepared  at  1 100®C,  in  air;  covered  alumina  crucibles  were  utilised  and  closed  system  was  assured.  The  sample  cooling 
was  rapidly  performed  either  in  a  specially  designed  device  with  protective  atmosphere,  or  in  air. 

The  specially  axiditioned  phosphor  samples  were  characterised  crystalline  structure  (Philips  PW  1050 
Diffractometer;  CuKa)  and  luminescent  characteristics.  These  cxies  were  estimated  oa  the  basis  of  emission  spectra 
and  decay  curves  which  were  registered  on  Perkin  Elmer  204  Spectrofluorimeter.  The  excitation  was  performed  with  a 
365  nm  UV  radiation.The  registration  conditions  were  different  for  the  two  sample  series.  For  series  A,  UGH-UG4/ 
WG1+BG9  filters  were  used  for  excitation/emissicm  radiation  and  Lumilux  fti-io  (Riedel-de-Haen)  was  used  as 
standard  .  For  series  UGl/WGl  filters  were  used  for  excitation/emission  radiation  and  Green  Phosphorescent 
Pigment  (Centurion  Ltd.Scotland)  was  the  standard  . 
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3.  RESULTS  AND  DISCUSSION 

Luminescent  grade  zinc  sulphide  used  in  our  experiments  possesses  a  good  luminescence  ability  and  is  about  90  % 
cubic  in  structure.^®  This  starting  sulphide  was  converted  at  900  (N2-atmosphere)  into  silver  (ZnS:Ag,CI)  and 
silver  copper  activated  samples  (  ZnS:Ag,Cu,Cl  ). 

Under  365  nm  excitation,  the  ZnS:Ag(0.01),Cl  sample  shows  an  intense  blue  luminescence  whereas  the 
ZnS:Ag,Cu,Cl  samples  present  blue-green  to  green  emissions.  The  emission  spectrum  of  ZnS:Ag,Cl  consists  of  one 
large  emission  band  centered  at  about  445  nm,  originated  in  silver  luminescence  centres  such  as  Agzn  -  Cls  (figure 
la).  XRD-patterns  show  that  the  sample  is  cubic  in  structure  (  ~  100  %  sphalerite).  These  structural  and  luminescent 
characteristics  confirm  that  the  synthesis  conditions  were  adequate  for  both  a  good  thermal  recrystallisation  and  silver 
incorporation. 

The  addition  of  copper  ions  determines  the  formation  of  new  luminescence  centres  Cuzn  -  Cls’  which  generate  the 
development  of  the  Cu-green  emission  band  with  a  peak  at  about  525  nm;  even  at  about  4  •  10’^  %  copper,  this  band 
is  well  evidentiated.  As  the  Cu  concentration  increases,  the  Ag-blue  band  decreases  in  intensity  and  the  apparently 
peak  shifts  to  longer  wavelengths.  The  continuous  increase  of  copper  amount  results  in  a  continuous  increase  of  the 
ratio  between  the  two  main  emission  bands  (1525/1460)  and  a  slow  decrease  of  the  green  emission.  The  latter  effect  could 
be  correlated  with  an  extinguishing  interaction  between  the  luminescence  centres  (concentration  quenching). 

The  sample  series  B,  prepared  at  1100®C  (closed  system)  consist  of  ZnS:Cu,Cl  phosphor  in  which  small  silver 
amounts  were  gradually  added.  All  samples  possess  a  very  well  formed  hexagonal  structure  (100  %  wurtzite)  and 
under  UV  excitation  exhibit  green  to  blue  bright  luminescence. 

The  corresponding  emission  spectra  (figure  lb)  consist  of  two  major  large  bands  situated  at  about  450  nm  and  515 
nm  whose  ratio  depends  on  the  silver  amounts  used  in  phosphor  synthesis.  For  ZnS:Cu,Cl  sample  prepared  in  our 
working  conditions,  I515/I450  is  about  2.4.  The  addition  of  1  •  10*^  %  Ag  dramatically  increases  this  ratio  to  a  value  of 
3.8.  Larger  silver  amounts  generate  a  slow  decrease  of  this  intensities  ratio. 

For  ZnS:Cu,Ag,Cl  prepared  with  5  •lO'^;!  *10"^;  5  •lO'^;  1  *10'^;  5  •  10"^%Ag,  the  I515/I450  ratio  is  equal  to 
3.8;  3.5  ;  3.0;  3.0  and  0.4  ,  respectively. 

Mention  must  be  made  that,  in  this  sample  series,  the  peak  position  is  at  shorter  wavelengths  than  in  the  samples 
prepared  at  900  °C.  This  is  in  agreement  with  the  literature  data;  the  change  of  the  crystalline  structure  of  ZnS-type 
phosphors  fi-om  cubic  to  hexagonal  generates  a  shift  of  the  peak  position  with  about  10  nm  toward  shorter 
wavelengths.^ 

The  comparison  of  all  emission  spectra  presented  in  figure  1  suggests  also  that,  at  a  certain  silver  concentration, 
the  Cu-green  emission  could  be  intensified  by  the  presence  of  silver  as  second  activator.  This  effect  could  be  put  in 
evidence  if  the  relative  intensity  of  phosphor  samples  is  represented  versus  the  silver  concentration  (figure  2). 

Some  cub-ZnS:Cu,Ag,Cl  samples  were  prepared  at  900°C  with  7.5  •  10“^;  1  •  10'^  and  1.25  •  10'^  wt  %  copper  and 
various  silver  amounts.  In  order  to  avoid  concentration  quenching,  relative  small  activator  qiiantities  were  used.  In  all 
these  cases,  a  wery  weak  Ag-intensifying  effect  could  be  observed,  i^parently,  this  effect  takes  place  when  copper  and 
silver  are  present  in  almost  equal  amounts,  that  means  at  Ag/Cu  atomic  ratio  of  about  0.6  ( figure  2a). 

The  addition  of  silver  ions  into  the  hex-ZnS:Cu,Cl  shows  a  much  stronger  influence  oil  the  Cu-green 
luminescence  (figure  2b).  The  silver  intensifying  action  takes  place  within  a  relatively  narrow  concentration  domain, 
namely  between  5  -lO'^  and  20  *10“^  wt  %  Ag,  corresponding  to  Ag/Cu  ratio  between  about  0.3  and  1.2.  The 
maximum  effect  was  observed  at  1  •  10'^  wt  %  Cu  and  1  •  10*'  wt  %  Ag  that  is  for  Ag/Cu  ratio  of  about  0.6. 

Mention  must  be  made  that  hex-ZnS:Ag,Cl  sample  (prepared  without  copper)  exhibits  blue  luminescence  (V= 
435  nm)  that  is  very  intense  at  a  silver  concentration  of  1  •  10*^  wt  %.  It  seems  that  the  Cu-green  luminescence  in 
ZnS:Cu,Ag,Cl  is  very  intense  when  the  incorporation  degree  of  silver  ions  is  high  and,  consequently,  when  the  second 
activator  alone  is  able  to  produce  a  strong  blue  luminescence.  But  the  emission  spectrum  of  ZnS;Cu,Ag,Cl  contains  a 
relatively  weak  blue  band.  It  is  evident  that  a  large  part  of  this  emission  is  used  for  the  effective  excitation  of  the  Cu- 
green  luminescence  resulting  in  the  observed  Ag-  intensification  action.  In  the  case  of  ZnS:Cu,Ag,Cl  samples,  a 
mechanism  of  energy  transfer  is  implied  into  the  excitation  process. 

The  silver  addition  into  the  ZnS:Cu,Cl  samples  could  also  influence  on  the  decay  characteristics  of  the 
luminescent  emission.  Figure  3  presents  the  decay  curves  registered  ft>rthe  three  ZnS:Cu,Ag,Cl  samples.  The 
luminescence  decay  of  these  samples  proceeds  in  the  expected  manner:  luminescence  decreases  in  time  on  a  mainly 
hiperbolic  decay.  T^e  decay  becomes  f^er  when  larger  silver  amounts  are  used  beside  the  copper  activator. 

The  phosphorescence  of  these  samples  could  be  also  observed  in  the  dark  room  (with  eyes  adapted  to  darkness).  At 
small  silver  amounts  (5  •  10*^  wt  %),  phosphorescence  is  slightly  improved  whereas,  at  large  silver  concentrations,  a 
strong  diminishing  effect  is  noticed.  The  sample  with  1  •  10*^  wt  %  silver  exhibits  phosphorescence  no  more. 
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Figure  1.  Emission  spectra  of  cub-ZnS:Ag,Cu,Cl  (series  A;900®C)  and  hex-ZnS;Ag,Cu,Cl  (series  B;  llOO^C)  prepared 
with  various  activator  concentrations;  (ZnS:Ag,  Cl  was  registered  with  different  sensitivity) 


Figure  2.  Relative  intensity  of  various  cub-ZnS:  Cu,Ag,Cl  and  hex-ZnS:  Cu^,Cl  samples  versus 

the  silver  concentration 


12  3^®  t<min) 


Figure  3.  Decay  curves  for  some  hex-  ZnS:Cu,Ag,Cl  phosphors  (Sample  series  B;  1 100®C) 

4.CONCLUSIONS 

Silver  addition  into  the  ZnS:  Cu,Cl  samples  generates  an  intensification  of  the  Cu-green  emission  band  as  a  result 
of  an  energy  transfer  implying  the  silver  luminescence  centres.  In  our  working  conditions,  for  a  starting  sulphide 
prepared  by  thiosulphate  route,  the  maximum  effect  was  obtained  at  Ag/Cu  atomic  ratio  of  about  0.6.  It  seems  that,  the 
silver  intensifying  action  on  the  Cu-green  fluorescence  coincides  with  a  silver  diminishing  effect  on  the  Cu- 
phosphorescence. 
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Correlation  of  some  radiative  processes  resulting  from  electronic  and  vibrational 
spectra  of  CN  molecule  excited  in  an  electric  arc  discharge 
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Faculty  of  Physics,  Bucharest  University 
Bucharest  -  Magurele,  P.O.  BOX  MG  - 11, 76900 

ABSTRACT 


The  molecular  vibration  temperature  of  the  plasma  from  an  interrupt  arc  discharge  in  air  at  atmospheric  pressure  and  at 
current  intensities  in  the  range  of  2  ^  8  Amperes,  using  electronic  and  vibration  bands  of  violet  and  red 

[A^n  -  ^sterns  of  the  CN  molecule  was  determined.  At  the  equilibrium  temperature  of  6400  K,  27  lines  of  Ti, 
contained  as  impurity  in  coal  electrode  were  found.  These  spectral  lines  were  found  in  the  247  -s^  340  nm  spectral  range 
having  the  upper  levels  of  the  excitation  energies  in  the  3.^  5.69  eV  range,  in  the  neighboihood  of  the  energy  of 

dissociation  of  the  CN  molecule  on  the  fundamental  electronic  state.  Some  considerations  about  the  vibrational  states 
populations  are  also  made. 

Keywords:  molecular  vibration  temperature,  vibrational  states  populations,  CN  molecule 

1.  INTRODUCTION 

The  CN  molecule,  unstable  in  common  natural  conditions,  is  produced  in  plasma  at  sufficiently  high  temperature, 
from  the  electrode’s  coal  and  the  atmospheric  nitrogen.  For  diagnosis  of  plasmas  used  to  obtain  different  chemical 
compounds  or  thin  film  depositions,  it  is  necessar}^  to  know  the  proprieties  of  the  CN  molecule  which  appear  as  a 
secondary  reaction  product. 

A  fundamental  role  in  the  rate  of  plasma  reactions  is  played  by  the  temperature.  Consequently,  a  method  of 
temperature  determination  was  established  ^  using  the  electronic  and  the  vibration  spectra  of  [A^n  «  X^X^  and 
violet  [B^X^  -  X^X"^  systems  of  the  CN  molecule.  The  paper  presents  also  the  correlation  of  this  temperature  with  the 
ionic  Ti  lines  fi-om  the  behavior  of  the  relative  intensity  of  the  excitation  and  vibration  bands. 

2.  EXPERIMENTAL 


The  radiation  source  was  an  electric  discharge  plasma  in  interrupt  arc  regime.  The  power  supply  was  of  ORION 
model.  The  operating  parameters  at  4  Amperes  current  intensity,  as  p^  voltages:  +  326  or  -330  Volts,  profile  width  of 
10  ms,  voltage  on  landing  of  50  Volts,  repetition  ftequency  of  100,  were  measured  with  a  TEKTRONICS  TDS  -  350 
oscilloscope 

The  ultraviolet  and  visible  spectra  were  recorded  with  an  Q  -  24  Zeiss  spectrogr^h  with  sufficiently  high  linear 
dispersion  and  resolution  power  to  resolve  vibration  structure  of  electronic  spectra  of  CN  molecule.  For  vibration 
temperature  determination  by  Boltzmann's  diagrams,  we  used  a  succession  of  band-heads  with  same  lower  level,  e.g.  a 
progression  in  v'*=2. 

These  wavelength  were:  4606.0  A ,  4196.1  A,  3861.2  A  and  3582.6  A  A  heterochromatic  correction  with  the  aid  of  a 
standard  bulb  spectra  (feeding  voltage  of  106.7  V  corresponding  to  a  color  temperature  of  2800  K)  was  performed. 

Mathematical  relationship  used  to  calculate  the  molecular  vibration  temperature  from  Boltzmann's  diagrams  was^: 


In 


^  T  ^ 

Xy»y" 

V^v'^v’v’Sv-v-  y 


=  F 


G(v)  -I 
^0.6925 J 


which  represent  a  linear  dependence  of  neperian  logaiithm  of  relative  intensities  against  values  of  vibration  terms.  The 
rebtive  intensities  W  were  measured  with  a  microphotometer,  the  lines  strength  were  taken  from^  while  vibration 
terms  were  determined  by  us  using  Deslandres's  table. 
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For  discharge  current  intensities  of  4,  5,  6  and  8  Amperes  we  found  a  vibration  temperature  which  doesn't 
significantly  vary  being  practically  constant  at  6400  K.  This  &ct  proofs  that  electronic  and  vibration  levels  excitation 
are  produced  through  direct  electronic  collisions. 

By  a  complete  qualitative  spectral  analysis  of  the  recorded  spectral  plates,  beside  vibration  bands  of  two  systems 
from  the  CN  mole^e  spectra,  in  the  investigated  247  340  nm  spectral  range,  a  number  of  27  ionic  lines  of  Ti  II  that 
is  present  in  coal  electrics  like  impurities  were  found^.  The  excitation  energies  of  the  upper  states  are  placed  in  the 
3.60^  5.69  eV  energy  range,  the  uj^r  limit  being  in  the  neighborhood  of  the  dissociation  energy  of  CN  molecule  on 
the  electronic  ground  states  (fig.l)‘. 


Fig.  1 .  Potential  curves  of  the  electronic  states  of  the  CN  molecule. 

We  didn't  found  neither  atomic  or  ionic  lines  of  isolated  N  or  C  atoms  originated  by  the  CN  molecule  dissociation  or 
fiom  other  processes.  This  could  be  explained  by  the  fact  that  the  temperature  is  to  low  to  excite  these  atoms. 

The  relative  intensity  distributions  for  tte  bards  of  one  of  the  sequences  of  the  red  system  excited  in  the  arc  plasma 
at  4  Amperes,  measured  with  a  TEKTRONICS  TDS  -  320  oscilloscope  having  a  band  of  100  MHz,  a  time  rise  constant 
of  5  ns  and  being  coupled  to  an  EPSON  STYLUS  COLOR  n  DESK  JET  printer,  are  represented  in  the  fig.  2. 


024«Sie  •246S10 


•  1  1^  2  2^ 


Fig.  2.  Relative  intensity  distributions  of  the  bands  ^ith  wavelength  4606  A ,  4572  A,  4551  A, 

4525  A  ,4512  A,  belonging  to  the  red  s>^stem  [A^FI  -  of  the  CN  molecule. 

This  temporal  behavior  of  the  involved  band  intensities  suggests  a  quasi  thermodynamic  equilibrium  of  the  plasma 
radiation  in  the  interrupt  arc  discharge. 

In  order  to  estimate  the  role  of  the  electron  excitation  on  the  electronic  and  vibration  levels  of  the  CN  molecule  we 
have  had  compared  the  relative  intensity  distribution  of  some  bands  of  red  [A^Il  -  system  excited  in  arc  with  the 
relative  intensities  of  the  same  i^stem  excited  in  electric  spark  discharge  which,  as  is  known,  is  not  an  isothermal 
spectral  source  (fig.  3). 


Fig.  3.  Relative  intensity  distributions  for  one  of  the  sequences  of  the  red  system 
excited  in  electric  arc  (a)  and  in  electric  spark  dischargc(b). 
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In  the  electric  spark  discharge  the  bands  coming  from  higher  levels  are  more  intense  that  in  the  case  of  excitation  in 
the  electric  arc  discharge.  This  is  due  to  an  important  electronic  current  component  of  the  plasma  spark  corresponding 
to  higher  energies. 


3.  CONCLUSIONS 

The  calculated  temperature  is  compatible  with  the  molecular  vibration  temperature  of  the  plasma,  indicating  that  the 
state  is  in  a  partial  eqrMbrium  not  in  a  total  one.  These  means  that  exists  a  difference  between  molecular  vibration  and 
electronic  temperatures.  The  dependency  of  the  vibration  bands  intensities  versus  electric  current  intensity  and  practical 
independence  of  temperature  versus  the  same  parameter  suggest  that  the  electronic  and  vibration  levels  excitation  is 
produced  preponderantly  through  direct  electron  collisions. 

The  absence  of  the  Association  products  of  the  CN  molecule  and  of  the  other  molecules  from  the  free  atmosphere  , 
like  N2,  O2,  H2,  in  the  investigated  spectral  range  proof  that  at  the  calculated  plasma  temperature  these  cannot  be 
enough  dissociated  and  consequently,  the  electron  energies  are  not  sufficiently  higher  to  induce  significant  dissociation 
and  C  and  N  atoms  excitation. 

The  great  number  of  ionic  lines  of  Ti  and  the  absence  of  other  ionic  lines  from  plasma  radiation  suggest  that  global 
current  intensily  from  the  positive  column  of  the  arc  is  fundamentally  determined  by  the  Ti  ions  and  electron 
concentrations,  the  concentration  of  the  molecules  which  suffer  dissociate  ionization  in  such  conditions  being  less 
important. 


4.  ACKNOWLEDGMENTS 

Part  of  this  paper  was  supported  by  the  National  Council  of  the  University  Scientific  Research  by  Grant  989/1997. 

5.  REFERENCES 

1.  G.  Herzberg,  Molecular  spectra  and  molecular  structure,  vol.  I,  D  van  Nostrand  Co.  Inc. ,  1950. 

2.  L.  L.  Danylewych  and  R.  W.  Nicholls,  Proc.  R.  Soc.  Lond.,  A  360,  557  -  573, 1978. 

3.  I.  lova,  M.  Bazavan,  C.  Biloiu,  M.  Ganciu,  C.  Ristorescu,  C.  Penache  and  D.  Penache,  Rom.  Rep.  Phys.,Vol.  49, 
No.  3-4, 1997  (under  press). 

4.  1.  lova,  M,  Bazavan,  C.  Biloiu,  Gh,  Hie,  The  3*^  General  Conference  of  the  Balkan  Physical  Union,  abstracts 
p.  350,  2  -  5  Sept.  1997. 

5.  I.  lova,  I.  I.  Popescu,  E.  Toader,  Bazele  spectroscopiei  plasmei,  Editura  §tiintifica  si  Enciclopedici,  Bucuresti, 
1987. 


639 


Author  Index 


Abu-Taha,  M.  I.,  578 
Aiftimiei,  Cristina,  779,  891 
Akimova,  Elen  A.,  790 
Al-Jourani,  M.  M.,  578 
Albu,  Alexandra  M.,  902,  946 
Aldea,  E.,  831 

Alexandrescu,  Rodica,  122,  174,  199,  218 

Alexe,  M.,  846 

Allott,  RicM.,  162 

Andrei,  A.,  182,  199,  831 

Andriesh,  Andrei  M.,  258,  385,  1013 

Aneculaese,  Maria,  632 

Anghel,  Sorin,  1027 

Antipa,  Ciprian,  696,  739,  747 

Antoniow,  Jean  S.,  1039 

Apostol,  Dan,  972, 1100 

Apostol,  Ion  C.,  702 

Apostol,  Silvia,  665,  713 

Ashurov,  Mukhsin  Kh.,  837 

Babin,  Vasile,  45,  498,  865,930 

Baibarac,  M.,  623 

Baltateanu,  N.,  75,  930 

Baltog,  1.,  205,  623 

Balucani,  M.,  762,  784,  831 

Barb,  D.,  311 

Barba,  N,  A.,  790 

Battaglin,  Ciancarlo,  533 

BSzSvan,  M.,  524,  636 

Beldiceanu,  Anca  Maria,  1094 

Bena,  Rodica,  946 

Bertinetto,  Fabrizio,  990 

Bertolotti,  Mario,  335 

Bicanic,  Dane  D.,  1039 

Biloiu,  C.,  524,  636 

Bivol,  Valery  V.,  790 

Blanaru,  Constantin,  1074,  1100 

Boerasu,  I,,  846 

Bondarenko,  V.,  762,  784 

Borsella,  E.,  533 

Bosch,  Salvador,  1 056,  1 1 20,  1 1 50,  11 56 

Bota,  M.,  727 

Botez,  C.  E.,  462 

Boyd,  Ian  W.,  225,  272 

Bradaczek,  H.,  960 

Braescu,  Cora  Lucia,  779,  891 

Bratescu,  M.  A.,  603 

Bratulescu,  C.,  619 

Braverman,  Ada  Livia,  106 

Brojbeanu,  Cabriela,  692 

Bruckner,  Ion  I.,  696,  739 

Brynzari,  Vladimir,  1032 

Buca,  D.,  233,  267 

Bulgaru,  M.  C.,  1013 


Bulinski,  M.,  636 

Bunescu,  M.  C.,  225,  272 

Bunlla,  Daniela,  739 

Burke,  V.  M.,  39 

Bursuc,  I.  D.,  936 

Buzdugan,  Arthur  I.,  258 

Calian,Violeta,  278,  494 

Cslin,  Mihaela,  727,  733,  801, 860 

Carnicer,  Arturo,  1150,  1156 

Carp,  C.,  71 7 

Carstocea,  Benone,  665,  713 

Chan,  H.  L.,  122 

Chartier,  jean-Marie,  990 

Chelu,  Mariana,  252 

Chera,  lonel,  524 

Chilibon,  Irinela,  813,  883 

Chirita,  F.,  1007 

Chirtoc,  Mihai,  1039 

Chi5,  loan,  153,  188,  282,  702 

Chumash,  Valentin  N.,  446 

Cicala,  Eugen  F.,  246,  293,  299 

Cimpoca,  Valerica,  75 

Ciobu,  V.  E.,  570 

Ciotaru,  D.,  727 

Cireasa,  Raluca,  199 

Ciuchita,  Tavi,  747 

Ciurea,  M.  L.,  205,  623 

Cojoc,  Dan,  425 

Cojocaru,  Laurentiu,  498 

Cojocaru,  S.,  199 

Constantinescu,  B.,  31 1 

Constantinescu,  T.,  524 

Copot,  Cheorghe,  819,  926 

Copot,  Rodica,  819 

Cordo§,  Emil,  1088 

Cosereanu,  Liviu,  926,  930 

Craciun,  Doina,  225,  272 

Craciun,  F.,  1194 

Craciun,  Valentin,  225,  272 

Craiu,  M.,  252 

Cristea,  M.,  524 

Cristescu,  Constantin  P.,  65 

Cristescu,  Simona  M.,  627 

Cristian,  Petre,  99 

Crunteanu,  A.,  199 

Dabu,  Razvan  V.,  81,  225,  454,  702 

Dadarlat,  Dorin,  1039 

Damaskin,  I.,  1007 

Damian,  Victor,  972, 1100 

DarvasI,  Eugen,  1088 

Dascalu,  Constanta,  796,  941 

Dascalu,  Traian,  70,  233,  267,  713 

David,  Ion,  246,  299 


Daviti,  Maria,  241 

Defay,  Celine,  1106 

deF.  Moneo,J.  R.,  1150,  1156 

De  Marchi,  Glovanna,  533 

de  Vries,  Hugo  S.  M.,  556 

Digulescu,  Petre  P.,  825,  999 

Dima,  Stefan  V.,  686 

Dima,  Vasile  F.,  686 

DincS,  Andreea  G.,  1 1 62,  1 1 73 

Dinca,  Mihai  P.,  1162, 1173 

Dinescu,  Gheorghe  H.,  831 

Dinescu,  Maria,  831 ,1194 

Dinu,  R.,  1194 

Dobre,  Mara,  722 

Dobroiu,  Adrian,  972,  1 100 

Dolghier,  V.,  258 

Dolocan,  V.,  887 

Dorogan,  Valerian,  1007, 1032 

Dragnea,  Laurentiu,  912 

Dragoi,  V.,  846 

Dragulinescu,  Dumitru,  188 

Ducariu,  Adrian,  483 

Dumitras,  Dan  C.,  627,  654 

Dumitrescu,  Mihail,  922 

Dumitru,  Gabriel,  17,  81,  1083 

Dumitru,  Mihaela  A.,  10 

Dutu,  Doru  C.  A.,  627,  654 

Egee,  Michel,  1039 

El-Kahlout,  A.  M.,  578 

Elisa,  Mihai,  965 

Enaki,  Nicolae  A.,  399 

Enaki,  V.  N.,  570 

Enculescu,  lonut,  262,  897 

Ersen,  Simion,  498,  865 

Farcas,  Ana-Florica,  45 

Fenic,  Constantin  G.,  81, 252,  454,  702 

Fernandez,  Xavier,  1056 

Ferrari,  A.,  762,  784,  831 

Ferr^-Borrull,  Josep,  1056 

Flory,  Francois,  1106 

Forgaciu,  Flavla,  288 

Frandas,  A.,  1039 

Furuhata,  M.,  32 

Gafencu,  Luiza,  665 

Gafencu,  Otilia  L.,  713 

Galvan,  S.  L,  469,  473 

Galeata,  G.,  205 

Gartner,  Mariuca,  887,  1194 

Gasanov,  Eldar  M.,  837 

Georgescu,  Geo,  1114,  1132,  1137 

Georgescu,  Serban,  2, 1 1 2,  61 2 

Cerardi,  C.,  1194 

Gherghina,  Ion,  930 

Gherman,  Valentin  V.,  483 

Ghica,  C,  218,  252,  702,1137 

Ghica,  D.,  831 

Chita,  C.,  887 

Chita,  R.  V.,  75 

Ciesen,  Adolf,  978 


Girardi,  R.,  24 

Giubileo,  Gianfranco,  642 

Gomoiescu,  Despina,  1088 

Gonella,  Francesco,  533 

Gostian,  Doina,  678 

Grigore,  Maria,  498 

Grigorescu,  Cristiana  E.  A.,  860,  897 

Grigoriu,  Constantin,  153, 188,  282 

GroB,  Tobias,  1 7 

Gruia,  Ion,  524 

Cuina,  Mircea,  922 

Guja,  Victor  B.,  439 

Gutu,  lulian,  99,  1 1 14 

Guzun-Stoica,  Anicuta,  489 

Gyorgy,  Eniko,  182,  218 

Hapenciuc,  Claudiu,  2 

Harren,  Frans  J.  M.,  556 

Hasegan,  Sorin  A.,  955 

Hening,  Alexandru,  218,  678 

Herisanu,  Nicolae-Alexandru,  81 

Heumann,  E,,  51 

Honciuc,  Gheorghe,  1 1 78,  1183 

Huber,  Guenter,  51 

Huge!,  Helmut,  978 

Huq,  Syed  E.,  162 

Hutsanu,  V.,  887 

lancu,  Ovidiu  D.,  439,  852 

Ibragimova,  E.  M.,  837 

Iftimia,  Nicusor,  865 

Hie,  Gheorghe,  524,  636 

Iliescu,  Brandusa,  262,  897 

loncea.  A.,  225,272 

lonescu,  Elena,  696,  739,  747 

lonescu-Pallas,  Nicholas,  375 

ionija,  M.,  713 

loni^a-M&nzatu,  V.,  713 

lordache,  Gh.,  81 

lorga  Siman,  Ion,  1027 

losub,  I.,  1027 

lova,  lancu,  524,  636,  1027 

lovu,  Michael  S.,  258 

Ishimov,  B.  M.,  790 

Ispasoiu,  Radu  G.,  58,  462 

Ivan,  R.  V.,  825 

Ivana,  Eugenia,  252 

Jalink,  Henk,  1039 

Jeloaica,  L.,  311 

Jiang,  Weihua,  153, 188 

Jianu,  Angela,  511,517,  955 

Jipa,  V.,  930 

jurba,  Mihai,  926,  930 

Juvells,  Ignacio  P.,  1150,  1156 

Kasuchits,  N.,  762 

Kato,  Kiyoshi,  393 

Kennedy,  Michael,  1083 

Khadzhi,  P.  L,  406,  469,  473 

Kim,  Nam  Seong,  1 62 

Klein-Douwel,  R.  j.  H.,  143 

Kobayashi,  Takao,  32 


Koch,  P.-J.,  960 
Kopica,  MIroslaw,  756 
Koswig,  H.  D.,  796 
Kosyak,  V.,  1007,  1032 
Krieger,  W.,  432 
Kumar,  Ashok,  122,  199 
Kurzeluk,  Mona,  489 
Labastida,  L,  1150,  1156 
Labes,  U.,  796 
LScStu^u,  Veronica,  252 
Lain^,  Derek  C.,  578 
Laky,  Dezideriu,  686 
Lamedica,  C.,  762,  784,  831 
Lazarescu,  Mihail  F.,  860,  1114 
Leinfellner,  N.,  541,  584 
Levai,  Stefan,  1027 
Lisi,  Nicola,  162 
Logofatu,  B.,  860 
Logofatu,  C.,  897 
Logofatu,  Michaela  F.,  860 
Lorinczi,  A.,  960 
Luculescu,  C.,  81, 454,  702 
Lupei,  Aurelia,  563,  570,  589 
Lupei,  Voicu,  2,51,  70,  89,  1 1 2,  563,  570,  589, 
612,  713,  1162,  1173 
Macovei,  M.,  399 
Maddison,  B.  J.,  162 
Maksimyak,  Peter  P.,  1022 
Maikov,  Sergei  A.,  1013 
Manaila-Maximean,  Doina,  946 
Manea,  Stefan  A.,  860,  897 
Mann,  C.  M.,  162 
Manolescu,  C.,  1202 
Marcu,  A.,  153,  188,  282 
Marginean,  P.,  252 
Marginean,  Raluca,  926,  1143 
Marian,  A.,  233,  267 
Marica,  F.,  548 
Marin,  Cheorghe,  182,  218 
Marom,  Emanuel,  363,  418 
Martin,  C.,  218,  272,  708 
Marzu,  Marinica,  1 143 
Mastle,  Ruediger,  978 
Malei,  Consuela-Elena,  654 
Mattel,  C.,  533 
Mazets,  I.  E.,  541,  584 
Mazzoldi,  Paolo,  533 

Medianu, Victor  Rares,  85,  99,1114,  1132, 1137 

Mel'nikov,  Igor  V.,  353 

Mendlovic,  David,  363,  418 

Mereutza,  Alexandru  Z.,  462 

Miclea,  M,  603 

Miclea,  Paul  T.,  1162 

Miclo§,  Sorin,  45,  807 

Miclufa,  Marius,  1189 

Mihallescu,  Ion  N.,  182,  218,  272,  305,  678, 
708,  960 

Mihalache,  Dumitru,  353 
Mihut,  L.,  623 


Mincu,  Niculae  E.,  722,  831 

Mirenghi,  L.,  1194 

Mirzu,  Marinica,  926,  930 

Mitrea,  Mihai,  477 

Miu,  Catalin,  241 

Miu,  Dana,  153,  188,  282 

Miyamoto,  Kenji,  603 

Mocofanescu,  Anca,  45 

Moise,  N.,  665,  717,1202 

Moldovan,  Adrian,  498,  865 

Moldoveanu,  Vladimir,  696 

Montrosset,  Ivo,  24,  439,  873 

Moon,  S.  W.,  162 

Morjan,  Ion  C.,  174,  199 

Moroseanu,  A.,  713 

Motoc,  Cornelia,  796,  941 

Motta,  Cabriella,  873 

Munteanu,  Ion  I.,  860 

Musa,  C.,  603 

Muscalu,  C.  L.,  454,  1 167 

Nacu,  Mihaela,  739 

Nascov,  Victor,  972,  1 100 

Nastase,  N.,  1137 

Neamtu,  Johny,  182,  305,  619 

Necsoiu,  Teodor,  733 

Negoita,  T.,  1202 

Nelea,  V.  D.,  218,  708 

Nemes,  Miloslava,  288 

Nesheva,  D.,  960 

Nichici,  Alexandru,  246,  293 

Nicola,  Marius,  1088 

Ninulescu,  V.,  10 

Nishiura,  K.,  153 

Nistor,  Leona  C.,  218,  252,  702 

Nitulescu,  Gabriel,  483 

Obst,  S.,  960 

Oomens,  Jos,  556 

Osiac,  E.,  51,89 

Oud,J.  L.,241 

Panoiu,  Nicolae-Coriolan,  353 
Pantelica,  D.,  182 
Paris,  D.,  1039 
Parker,  David  H.,  556 

Pascu,  Mihai  L.,  665,  717,  739,  1202,  1215 

Pavel,  Nicolaie  I.,  32,  70 

Pavelescu,  Cabriela,  205,  623 

Pentia,  E.,  205 

Perez,).,  1150,  1156 

Perrone,  Alessio,  130 

Perrone,  Guido,  873 

Persijn,  S.,  556 

Petrache,  M.,  589 

Petraru,  A.,  563,  589 

Petre,  D.,  846 

Petrescu,  Emil,  796,  941 

Petris,  Adrian,  511,  51 7 

Petru,  Frantisek,  990 

Pintilie,  loana,  846 

Pintilie,  Lucian,  846 


Pirc  alaboiu,  Daniel,  852,  873 

Piscureanu,  Mihai  C.,  10 

Polychronyadis,  E.  K.,  241 

Popa,  Carmen,  517 

Popa,  Dragos,  51 7 

Popescu,  Aurelian  A.,  902 

Popescu,  C.  R.,  1 74 

Popescu,  E.,  930 

Popescu,  F.  F,,  548 

Popescu,  Gheorghe,  665,  990,  1078 

Popescu,  Ion  M.,  58,  211,  916,  946,  1067 

Popescu,  Mihai  A.,  960 

Popovici,  Elisabeth-Jeanne,  288,  632 

Popovici,  Maria-Ana,  722 

Poterasu,  M.,  267 

Poterasu,  M.,  233 

Preda,  A.  M.,  65,211 

Preda,  Liliana,  65,  211 

Preoteasa,  V.,  678 

Presura,  C.,  570 

Prisacari,  A.  M.,  790 

Puscas,  Niculae  N.,  24,  58,  462,  483,  916,  1067 

Puzewicz,  Zbigniew,  756 

Quaranta,  Alberto,  533 

Radu,  G,,  548 

Radu,  Liliana,  678,  708 

Radu,  Mihaela,  727,  733,  801, 860 

Radu,  S.,  678 

Radu,  S.,  619 

RSducanu,  Dan,  891 

Radulescu,  Irina,  678,  708 

Radvan,  Roxana  N.,  733,  801 

Ralea,  Daniel,  926, 1143 

Ricciardelli,  A.,  784 

Ristau,  Detlev,  17,  1083 

Ristici,  losefina,  85 

Ristici,  Marin,  85 

Robea,  Bogdan,  807 

Robu,  Maria,  801,813,  883 

Robu,  Shtefan  V.,  790 

Roger,  Jean  P.,  205 

Rogojan,  Rodica,  965 

Roman,  Mlruna,  665,  1215 

Rosu,  Constantin,  796,  946 

Rotaru,  A.  H.,411 

Roundy,  Carlos  B.,  673,  768, 1045 

Rusca,  Nicolae,  696 

Rustamov,  Igor  R.,  837 

Rusu,  G.  L,  951 

Rusu,  loan  L,  936 

Sakai,  Yosuke,  603 

Sandrock,  T.,  51 

Sandu,  V.,  831,  1194 

Sarpe-Tudoran,  Cristian,  278,  494,  61 9, 1063 

Sava,  F.,  960 

Savastru,  Roxana,  801 

Savl,G.,  727 

Scarano,  Danilo,  24 

Scarlat,  E.,  65,211 


Schiopu,  Carmen  Liliana,  906 

Schiopu,  Paul,  906,  912 

Schmitz,  C.,  978 

Serbanescu,  Ruxandra,  708 

Shabtay,  Gal,  418 

Shemer,  Amir,  418 

Sibilia,  Concita,  335 

Singurel,  Gh.,  1183 

Smarandache,  A.,  1 202 

Smeu,  Emil,  58,  462,1067 

Socaciu,  Margareta,  278,  494,  619,  1063 

Soergel,  E.,  432 

Sorescu,  M.,  31 1 

Sporea,  Dan  G.,  17,  81, 1083 

Staicu,  Angela,  1215 

Stamate,  Marius  D.,  951 

Stancalie,  Gheorghe,  1220 

Stancalie,  V.,  39 

Stanciu,  Angelia,  241 

Stanciu,  Catrinel  A.,  831,  1194 

Stanciu,  George  A.,  241 

Stefan,  Levai,  489 

Stefanescu,  Eliade  N.,  877 

Sterian,  Paul  E.,  10,  825,  877,  965,  999 

Stoian,  Razvan,  702 

Stoica,  Axente,  891 

Stratan,  Aurel,  81,  252,  454,  702 

Stroila,  Carmen,  727 

Strzelec,  Marek,  756 

Sureau,  Alain,  39 

Suruceanu,  Grigore  I.,  58,  462 

Suteanu,  S.,  692 

Taira,  Takunori,  32,  70 

Tanaka,  Eiko,  393 

Tchaushev,  G.,  960 

Teodorescu,  Valentin  S,,  182,  218 

ter  Meulen,  j.  J.,  143 

Ticos,  C.  M.,  665 

Timus,  Clementina  A.,  1 7, 1 083,  1 1 32 

Tkachenko,  D.  V.,  406 

Toacsan,  M.  I.,  31 1 

Tomescu,  M.,  733 

Jojia,  Horajiu,  1189 

Triduh,  G.  M.,  790 

Tronciu,  V.  Z.,  41 1 

Tsaranu,  A.,  902 

Tudor,  Tiberiu  S.,  504 

Turcu,  L  C.  E.,  162 

Udrea,  M.  V.,  692 

Ulmeanu,  M.,  1137 

Ungureanu,  Costica,  596,  1039 

Ungureanu,  M.,  596 

Ursache,  Marcela,  278,  494,  619, 1063 

Ursu,  Veronica,  288,  632 

Usurelu,  Mircea,  747 

Vallmitjana,  Santiago  R.,  1150, 1156 

Varnik,  F.,  978 

Vascan,  loan,  936,  951 

Vasile,  E.,  75,  225,272,1132 


Vasiliu,  Virgil  V.,  686,  692,  696,  1074,  1137 

Vateva,  Elena,  960 

Vettman,  R.  H.,  556 

Verardi,  P.,  1194 

Verlan,  Victor  I,  1013 

Vieru,  T.,  1007,  1032 

Vinkler,  Istvan,  504 

Vlad,  Adriana,  477 

Vlad,  L.  A.,  790 

Vlad,  Valentin  I.,  375,  432,  51 1 ,  51 7,  955 

Vlaiculescu,  Mihaela,  696,  739,  747 

Voicu,  Ion  N.,  1 74 

Voicu,  L,  1202 

Volvoreanu,  C.,  717 

Vorozov,  N.,  762 

Wallas,  Cordon,  1 7 

Walther,  Herbert,  320 

Werckmann,  J.,  218 

Windholz,  Laurentius,  541,  584 

Yakovlev,  Vladimir  P.,  462 

Yatsui,  Kiyoshi,  153,  188,  282 

Yukawa,  T.,  153,  188,  282 

Yuldashev,  Bekzad  S.,  837 

Zalevsky,  Zeev,  363,  418 

Zisu,  Tudor,  807 

Zoran,  Maria,  779,  891 

Zsivanov,  Delia,  293 


